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AJAX Induction Melting Furnaces are now 
adapted for the following applications: Die Cast- 
ings, Permanent Mold Castings, Sand Castings, 
Billets for Rolling and Extrusion, Recovery of 
Scrap, Galvanizing and Aluminizing of Steel and 


many others 


For many years AJAX has been 
the pioneer in the development of 
standard frequency induction fur- 
naces for melting metals. Today this 
type of equipment has been adapted 
to the full range of non-ferrous 
metals and alloys and to a great 
variety of sizes ranging from 20 to 
1000 kW 


For special applications an Automatic Electro- 
magnetic Pump allows continuous feeding of mol- 
ten metal into the molds as they move past. Hand 
ladling is eliminated. Temperature of course, is 
also automatically regulated and there is no 
chance of overheating the bath at any time during 
the melting cycle 


AJAX ENGINEERING CORP., TRENTON 7, N. J. 


»>’ A AJAX ELECTRO METAL! URGICAL CORP. and Associated Compames 


AIAK ELECTRIC CO., INC., 
AJAX ELECTRIC FURNACE CORP., Ae tor 
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Is YOUR laboratory 
otential bottleneck? 


— Here "S a complete line of Bausch & Lomb precision 


instruments to help you keep pace with capacity produc- 


tion... to give you increased speed, accuracy and simplic- 


ity in research and quality control. 


RESEARCH METALLOGRAPH-—See it... photograph 
N.Y, it... four ways! Four different accurate images of the 
same sample, for more complete identification. Exclusive, 
patented B&L features permit critical work with bright 
field, dark field or polarized light . . . with quick, 
easy change-over. For phase contrast work B&L 


accessories are simply, speedily attached. The 


“maximum use” instrument for visual observa- 


tion and photomicrography. Catalog E-240. 


news BALPHOT METALLOGRAPH—A// new de- 
sign! The economy of limited capacity 
instruments, with bright field, dark 
field or polarized light and phase con- 
trast .. . and many other performance 
advantages of the highest-priced metal- 
lographs. Quick-action stage elevating 
device eliminates coarse adjustment. 
New Magna-Viewer projects bright, 
magnified screen images . . . ideal for 


CM METALLURGICAL rain size determinati 

me tion of opaque objects, FIELD MICROSCOPES —Inval- viewing. Catalog E-232. 
4 With proper accessories polished metal  speci- uable in preparation of 
this one unit provides vis- | mens, similar materials. polished metal  speci- WRITE for complete information to 7 


Catalog E-223. Tri-Vert mens, study of fractures, J ‘ 
Illuminator (optional) porosity, macro-etched Bausch & Lomb Optical Co., 787-8 


low power photomicrog- 

provides bright field, specimens and other low . Paul St.. Roc > * 3 
raphy, as well as photo- dark field, or polarized power metallurgical St I St., Rochester 2, N. ¥ 
copying. Catalog E-210. light. Catalog D-108. studies. Catalog D-15. 


‘ 
— 


OW Bausch & Lomb Equipment 


ual microscopy, high and 
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Modern design of Stokes vacuum 
equipment develops from the continuing contact 
of Stokes Engineers with processors in many fields. 


Stokes Microvac Pumps — basic to vacuum processing 

—are designed for the broadest requirements of industry. 
They have high volumetric and mechanical efficiency . . . 

capacities of 15 to 500 cfm... ab- 

solute pressures to 10 microns. Power 

consumption is low. Compact design 

with top-mounted motor requires minimum floor space. 


There are but four moving parts including the high speed, full-opening 
exhaust valve of corrosion-resistant Teflon. Lubrication is completely 
automatic, without packing, stuffing- boxes or grease fittings. 

Wear is kept to a minimum, and long trouble-free service assured. 

Parts are precision-finished, standard and interchangeable. 


Stokes is the only manufacturer of equipment for complete vacuum 
systems, including Microvac mechanical pumps, oil diffusion 
pumps, McLeod Gages and Vacuum Valves. 


Consult with Stokes on the application of vacuum to vacuum sintering, 
melting, de-gassing, heat 

treating, inert gas purg 

ing, vacuum metallizing, 

and to other applications STOKES MAKES 

in which vacuum de- 

serves exploration. 


STOKE 


F. 3. STOKES MACHINE COMPANY, 5916 TABOR ROAD, PHILADELPH A 20, PA. 
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\ 
Industrial Tabletting 
and Powder Metal Presses, a 
Pharmaceutic a! Equipment, 
Vacuum Processing Equipment, 
High Vacuum Pumps and Gages, i : 
Special Machinery 


PROVE YOUR 
NEED FO 


* on the 
NEW wide range 


High and Low Angle Goniometer 


In our application laboratory, meticulous 
procedures are emp.oyed to determine 

the basic material composition of samples 
sent to us by producers of diversified basic 
compounds or manufactured products. 

Here, analyses are made by X-ray diffraction, 
absorption and fluorescence—practical, 
nondestructive media for the identification, 
comparison and control of many materials, 
products and processes. Such analyses by 
other methods are difficult, time consuming, 
destructive and sometimes inaccurate. 

This laboratory is maintained to demonstrate 
the value of the X-ray Spectrometer, 


[ NORTH AMERICAN 


PHILIPS 
COMPANY, INC. 


Fluorescence Analysis and allied equipment 

in maintaining the quality of ingredients—in 
maintaining production control—and as a 

research facility which is a necessity in progressive 
manufacturing technology. As clearly as a 
fingerprint, the Spectrometer produces patterns 

on rectilinear charts which are directly comparable— 
one to the other. This is particularly important 

in process controls where duplication is imperative. 


A diffraction school is held each spring 

and fall, at which lectures on the fundamental 
operation as well as advanced and new 
applications of X-ray in research and control 
are given by leading authorities. 


Foremost tn R-ray frrogress sence ASIC 


NORTH AMERICAN PHILIPS company, Inc. 


RESEARCH and CONTROL INSTRUMENTS DIVISION * DEPT. IG-8, 750 S. FULTON AVENUE, MT. VERNON, N. Y 


IN CANADA: Philips Industries Ltd., 1203 Philips Square, Montrea! 7 EXPORT REPRESENTATIVE: Philips Export Corporation, 750 South Fulton Avenue, Mt. Vernon, N. Y, 
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n the /Yore/co laborato : 
Noreleo 


IRCON 


in the form of 


Sponge and Briquettes 


with the following analysis 


. - 98.8 to 99.6% 


(by difference) 


Oxygen .... 0.1 to 0.2% 

| ( estimated ) 

Nitrogen .... .02to .10% 

2 to  .8% 
.02to .10% 

.01 ‘to 


Zirconium 


Chromium ... 


.10% 


Write our New York Office for detailed information. 3%" diameter 
briquettes are furnished from %" to 3” in height with bulk density of 160 to 190 Ibs. per 
cu. ft. The sponge will be %” and down with a maximum of 15% through a 10 mesh screen. 


U. Pet. oF 


TITANIUM ALLOY MFG. DIVISION 


Executive end Seles Office: 111 BROADWAY, NEW YORK CITY - General Offices, Works, and Research Laboratories: NIAGARA FALLS, N.Y. 
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Events 


Aug. 7, AIME, Morenci Sub-section, Longfel- 
low Inn, Morenci, Ariz 


Aug. 27-Sept. 6, Oak Ridge National Labora- 
tery and Oak Ridge Institute of Nuclear 
Studies, annual summer symposium, Oak 
Ridge, Tenn 


Aug. 2%-Sept. |. Scientific Apparatus Makers 
Assn., summer meeting, laboratory equip- 
ment section, Northernaire Hotel, Three 
Lakes, Wis 


Sept. 18-14, Oak Ridge Institute of Nuclear 
Studies, symposium, Nuclear Physics in 
Europe, Oak Ridge 


Sept. 13-15, AIME, Industrial Minerals Div 
fall meeting, University of West Virginia 
Morgantown, W. Va 


Sept. 19, AIME, Carlsbad, Potash Section, 
Riverside Country Club, Carlsbad, N. Mex 


Sept. 20, AIME, Utah Section, Newhouse 
Hotel, Salt Lake City 


Sept. 25-28, ASME, fall meeting, Radisson 
Hotel, Minneapolis 


Oct. 1-4, Assn. of Iron & Steel Engineers, 
annual convention, Hotel Sherman, Chicago 


Oct. 3-5, AIME, petroleum branch, fall meet- 
ing, Oklahoma City. 


Oct. 10-11, Joint Fuels Conference, AIME 
Coal Division, ASME Fuel Section, Roa- 
noke Hotel, Roanoke. Va 


Oct. 10-11, AIME, Southwestern and Western 
Sections, Open Hearth Committee, joint 
meeting. Oct. 10, plant trip, Colorado Fuel 
& Iron Co., Pueblo. Oct. 11, Broadmoor 
Hotel, Colorado Springs 


Oct. 12, AIME, Eastern Section, Open Hearth 
Committee, Warwick Hotel, Philadelphia 


Oct. 12-14, Metal Treating Institute, annual 
meeting, Detroit. 


Oct. 15-17, AIME, Institute of Metals Div 
fall meeting, Detroit-Leland Hotei, Detroit 


Oct. 15-19, National Metal Congress & Expo- 
sition, Detroit. 


Oct. 18-19, Scientific Apparatus Makers 
Assn., midyear meeting, industrial instru- 
ment section, Seaview Country Club, Abse- 
con, N 


Oct. 18-20, National Assn. of Corrosion Engi- 
neers, south central region, Corpus Christi, 
Texas 


Oct. 19-20, Engineers’ Council for Profes- 
sional Development, annual meeting, Hotel 
Statler, Boston 


Oct. 22, AIME, Chicago Section, Open Hearth 
Committee, Phil Schmidt's, Chicago 


Oct. 22-21, American Mining Congress, Metal 
and Nonmetallic Mining Conventior, Bilt- 
more Hotel, Los Angeles. 


Oct. 25-26, AIME, Los Angeles Section, fall 
meeting, Los Angeles. 


Oct. 26 AIME, National Openhearth Com- 
mittee, Southern Ohio Section, Deshler 
Wallick Hotel, Columbus, Ohio 


3, AIME, fall meeting, Mexico 


Nev. 2, AIME, Pittsburgh Local Section and 
Open Hearth Local Section, annual off-the- 
record meeting, William Penn Hotel, Pitts- 
burgh 


30, ASME, annual meeting, Chal- 
Haddon Hall, Atlantic City 


28-30, Scientific Apparatus Makers 
midyear meeting, laboratory 
ratus, optical, nautical, aeronautical, 
military instrument sections, Hotel New 
Yorker, New York 


Nov. 29, AIME, Buffalo Section, Open Hearth 
Committee, Statler Hotel, Buffalo, N. Y 


Dec. 2-5, American Institute of Chemical 
Engineers, annual meeting, Chalfonte-Had- 
don Hall, Atlantic City 


Dec. 6-8, AIME, Electric Furnace Conference, 
William Penn Hotel, Pittsburgh. 


 $HENANGO-PENN MOLD 


A MESSAGE 
TO AMERICAN 
INDUSTRY 


“This is more than a shortage 


... this is an emergency. 


Every pound of your scrap is needed, NOW !” 


— STEEL INDUSTRY is currently operating at 
more than 100°% of rated capacity—turning out 
well over 2 million tons of steel per week. This 
record high production—every ton of which is in 
urgent demand—cannot be kept up unless we get 
more scrap from every potential source. For without 
your scrap we cannot produce enough steel. Today, 
every ton of steel turned out requires a half a ton 
of scrap for its production. That’s why scrap—more 
scrap—is so urgently needed, and needed right away. 


“The fact we have to face today is that steel mills 
are operating on a hand-to-mouth basis as far as 
scrap is concerned. Some mills are working on only 
a two-day supply of scrap. We already have had to 
shut down steel-making furnaces for lack of scrap. 


“That’s why we are asking you to strain every 
effort to get more scrap out of your plants and yards 
and on its way to the mills . . . to search out the 
scrap that doesn’t come to market in normal times. 
You'll find this ““dormant”’ scrap in obsolete equip- 
ment, tools and machinery that you haven’t used 
for years . . . overlooked in your storage sheds. . . 
or rusting away in a junk pile in some forgotten 
corner. It’s there. Turn it in at once—so we can 
turn out the steel you need. We can’t do it without 


your help.” 
73 


President, United States Stee! Corporation 
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J. R. VILELLA 


S. F. RADTKE 


W. J. KOSHUBA 


J. R. Vilella (p. 605), with U. S. Steel's 
Kearney, N. J., Research Laboratory, 
presented the 1951 Howe Memorial 
Lecture, a paper entitled “Twenty- 
Five More Years of Metallography.” 
Mr. Vilella, a graduate of Penn State, 
has been with U. S. Steel since 1934. 
Prior to that time he was with Union 
Carbide & Carbon’s Research Lab- 
oratories and the Physiatric Institute. 
He lives in New York City, and his 
hobbies include photography and orni- 
thology. 


S. F. Radtke (p. 620) was born in 
Minneapolis, and studied at Massa- 
chusetts Institute of Technology, where 
he received his S.B. and Ph.D. While 
he has been a research fellow with the 
pigments dept. of du Pont since 1948, 
prior to that he was an instructor and 
did rubber research at MIT; spent 
several years in the Army, and worked 
for North Carolina Shipbuilding Co., 
at Wilmington, N. C. He is a Major in 
the U. S. Army Reserves, and his 
hobbies are flying, sailing, and photog- 
raphy. 


Gilbert E. Klein (p. 637), a Hoosier 
from Indianapolis, received his B.S. 
from Case Institute of Technology and 
his M.S. (Physics) and S.M. (Geology, 
Crystallography) from Massachusetts 
Institute of Technology. He worked 
for National Smelting Co., as research 
physicist; was a research fellow in 
structural crystallography at M.LT.; 
a research physicist for Burgess Bat- 
tery Co., Freeport, Ill.; senior physical 
metallurgist for the NEPA Div., Fair- 
child Engine & Airplane Corp., Oak 
Ridge, Tenn., and presently is senior 
metallurgist at the Oak Ridge National 
Laboratory, Oak Ridge, Tenn. He likes 
golf and bridge. 


S. G. Gordon (p. 637) is a staff mem- 
ber of the Los Alamos Scientific Lab- 
oratory, at Los Alamos, N. M. Prior 
to joining the Los Alamos staff he was 
materials engineer for the NEPA pro}- 
ect at Oak Ridge, Tenn. He also served 
as technologist in the office of the 
Chief Signal Officer, Pentagon, Wash- 
ington, D. C., and was associate curator 
for the Academy of Natural Sciences 
of Philadelphia. He was one of the 
founders of the publication, American 
Mineralogist and an associate editor 
of the publication until 1949. Gordonite, 
the magnesium-aluminum-phosphate 
from Utah, was named in his honor. 
He co-authored “Crystallographic 
Tables for the Identification of Min- 
erals,” wrote “Mineralogy of Penn- 
sylvania” and “Mineralogy of Tin 
Mines of Llallagua, Bolivia.” His 
hobby? You guessed it—Collecting 
Rocks! 


W. J. Koshuba (p. 637) born at St. 
Paul, Minn., received his B. Met. E. 
from Universtiy of Minnesota. He did 


development work in forging and 


Meet The Authors 


casting high temperature alloys at 
Allis Chalmers Mfg. Co.’s supercharger 
works, and in 1946 joined Bergen Pre- 
cision Castings Co., in Pleasantville, 
N. Y. as a consultant on precision 
casting. Later the same year he be- 
came general superintendent of Solar 
Aircraft Co.’s precision casting div. 
at Des Moines, Iowa. Then, in 1947 
he joined the NEPA project at Oak 
Ridge, and became head of the ma- 
terials section the same year. Now, 
his work concerns development of 
high temperature materials for nu- 
clear applications. Color photography 
and coin collecting are his pastimes. 


J. A. MeGurty (p. 637), from Eliza- 
beth, N. J., was graduated with a B.S. 
from M.L.T. He worked for Fairchild 
Engine & Airplane Corp. on the NEPA 
project and Callite Tungsten Corp.; 
and presently is employed by General 
Electric Co., AGTD, ANP project. A 
research metallurgist, his speciallized 
field is in metallurgy of high tempera- 
ture materials. Flying, sailing, hiking, 
and target shooting take up his spare 
time. 


Roland Kiessling (p. 639), was born 
in Sweden and received his Ph.D. in 
Chemistry from the University of Up- 
psala, Sweden. He is assistant profes- 
sor in general and inorganic chemis- 
try at Uppsala, and has published 
about 20 papers, mainly on metal 
borides and high temperature equip- 
ment. 


James F. Ellis (p. 674), born in Mem- 
phis, Tenn., was graduated from 
Memphis State College with a B5S., 
and Vanderbilt University with a B.S. 
in 1941 and an MS. in 1948. In 1941 
and 1942 he was a biochemist with the 
U. S. Veterans Hospital; from 1942 to 
1946 was a Captain ir the U. S. Army 
Medical Corps; and ‘since 1948 has 
been in the melting dept. of Ameri- 
can Cast Iron Pipe Co. 


W. P. Fishel (p. 674) is professor of 
metallurgy at Vanderbilt University. 
Born in Pleasant City, Ohio, he re- 
ceived his degrees of A.B., M.S., and 
Ph.D. from Ohio University and Iowa 
State. He taught school and was 
superintendent of schools for six years 
prior to joining the teaching staff at 
Vanderbilt in 1923. “Distribution of 
Carbon Between Iron and Titanium 
in Steels” was a paper that he pre- 
sented before AIME some time ago. 


W. P. Roe (p. 674) is in the dept. of 
metallurgy at Vanderbilt University. 
Born in Cheswold, Dela., he received 
his B.A. and M.S. from Vanderbilt. In 
1948 and 1949 he was a chemist with 
Carbide & Carbon Chemical Corp., 
but returned to Vanderbilt in 1949 
to complete his Ph.D. When he gets 
his Ph.D. this year, he plans to join 
the Titanium Div., of National Lead 
Co., as a research metallurgist. 


J. A. McGURTY 


R. KIESSLING 


J. F. ELLIS 
W. P. FISHEL 


W. P. ROE 
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use... from toothbrushes to neckties 


@ @ @ e The world knows of America’s ... Starts with steel. 
fabulous steel production. It knows The development of better refrac- 
that our capacity to fashion the tories for every step in steel... and 
weapons of war is a fearsome thing. tremendous advances in production 
And we know that steel has con- ... have helped largely to make pos- 
tributed more than any other indus- sible steel’s progress. Genera! Refrac- 


try to our daily lives. Everything we tories is proud of its part. 


Hot Air That Talks Sense 
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GENERAL REFRACTORIES COMPANY 


General’s OLIVE HILL fireclay 
brick lines this blast furnace. And else- 
where in the plant you'll find General 
Refractories silica brick, basic brick, 
plastics, castables and bulk products. 
There’s scarcely a heat application 
for which General does not supply a 


refractory. 


PHILADELPHIA 


General's extensive research facil- 
ities and modern production methods 
..» General’s 43 mines, 29 plants, 18 
sales offices and 200 distributing agen- 
cies ... are at your service. If you have 
a refractory problem, depend on the 
company that offers a complete re- 


fractories service. 


A Complete 
Refractories Service 
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New Products 


Products 


New Literature 


New Services 


For Further Information or Literature on any Product, Fill in the Coupon and Send to JOURNAL OF METALS 
Students are Requested to Apply Directly to Manufacturers for Bulletins and Information 


1—ALUMINUM WELDING ALLOYS: 
flUux-coated aluminum welding rods for oxyacetylene 
and oxyhydrogen welding have been released by 
Eutectic Welding Alloys Corp. The flux coating is low 
melting to provide for minimum heat application and 
once melted flows in a transparent pool. For struc- 
tures and applications where an anodized silicon bear- 
ing rod has shown an objectionable dark weld, Eutec- 
Rod 22FC provides a metal matching solution 
since corrosion resistance and color, as well as physical 
properties of the weld, closely match the aluminum 


2—ASH HANDLING SYSTEM: A vacuum system de- 
signed by Beaumont Birch Co. eliminates the need of 
manually handling ash. Ash, etc., 
dry by means of vacuum through pipes from the in- 
takes to a receiver on top of an ash storage silo. The 
vacuum is created by a steam exhauster located be- 


High quality, 


base 


soot, are conveyed 


yond the ash receiver 
3—TESTING MACHINE: Universal testing machine, 
model 12-H of 12,000 lb capacity is announced by 


Baldwin-Lima-Hamilton Corp. The hydraulic loading 
unit is separate from the indicating and control unit, 
which isolates recoil from breaking test specimens and 
idjusting maximum hands with minimum 
The 12,000 lb range is graduated in 20-lb units 
16-in. diam indicator dial and a 3000 lb range is 
graduated in 5-lb units 

4—CONVEYOR SYSTEM: A 


battery powered, making it 


pern its 
arag 


on a 


new conveyor unit Is 
completely independent 


of any outside source of energy. Mono-Dyne system, 
developed by Bloom System, Inc., eliminates need for 
overhead wiring. The unit is capable of multi-speeds, 
forward and reverse, and is operated by push button 


or remote 


to plant 
5—TACHOMETER: Speeds of many machines are 


measured from one location with the Metron Instru- 
ment Co. tachometer, which employs a simple machine 
selector knob. Speed tests and comparisons are ac- 
complished even when the indicator is located 1000 ft 
away from the Over 50 standard full scale 


control. It can operate outdoors, from plant 
indoors, and ascend grades 


machines 


range markings are available. Direct reading in units 
such as rpm, fpm, in. per sec, etc. from speeds between 
1/10 rpm and 100,000 rpm are possible 


6—--CONVECTION FURNACES: Hevi Duty pit-type 
convection furnaces are used for heat treating opera- 


Journal of Metals 
29 West 39th St. 
New York 18, N. Y. 


August 


M re | formation rm 
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tions that require temperatures from 250° to 1850°F 
Available from Hevi Duty Electric Co., these furnaces 
are suitable for tempering, drawing, annealing, and 
hardening steel, nonferrous annealing, and solution 
and aging treatments of aluminum. The centrifugal 
fan forces a stream of air or prepared atmosphere over 
the hot surfaces of the heating elements; the furnace 
charge is bombarded by this rapidly flowing stream 


7—CONTOUR MEASUREMENT: By utilizing a beam 
of light as a straight-line reference, deviations of sup- 
posedly flat surfaces as small as +0.00005 in. may be 
measured. F. T. Griswold Mfg. Co. optical straight- 
edge consists of a lens and prism housing and a feeler 
microscope with built-in illumination which rides 
along the surface under examination. It is made in 
standard lengths of approximately 3, 5, 10 and 13 ft; 
the housing rests on two blocks; and the feeler, which 
includes the optical system, slides on the work surfaces 


8—TUMBLING MACHINE: Large quantities of parts 
are precision finished at one time in the new model 
DW-60-36-2 automatic control machine recently de- 
veloped by the Roto-Finish Co. Once the machine is 
started, automatic timer will stop its operation any 
time from 0 to 20 hr without further attention. It has 
a 5 hp variable speed power unit with a remote con- 
trol handle for adjusting the speed of the cylinder 
from 10 to 30 rpm 


9—ANTIRUST PAINT: A penetrating and sealing paint 
which can be applied right over rusted surfaces with- 
out wire brushing, scraping or sand blasting, is an- 
nounced by Paint Corp. of America. It penetrates 
through the rust layer into the metal and seals 
the surface against further rusting. PCA-100 is fur- 
nished in black only and because of its penetrating 
characteristics should be used solely as a finish coat 
It is suitable for either brush or spray application 


10—SCALE REMOVAL: A preheat chemical bath 
which completely remeves furnace scale from steel 
forgings during quenching is being marketed by Penn- 
sylvania Salt Mfg. Co. The bath is made of a new 
product, Pennsalt SR-4, dissolved in weak muriatic 
acid and water. Parts covered with forging scale are 
, immersed in the bath for 5 min and then may be placed 
directly into heat treating furnaces or can be stored 
for later heat treating 


11—ION EXCHANGE UNIT: A new unit for the treat- 
ment of water in steam heating plants has been de- 
veloped by Permutit Co. It eliminates the need for 
elaborate equipment and handling such dangerous 
chemicals as caustic soda sulphuric and hydrochloric 
acids during regeneration process. It employs new 
type resins that are regenerated with plain salt. In 
addition to softening water, the new resins remove 
alkalinity and sulphates 


12—SCREEN HEATER: For screening ores, lime, coal, 
chemicals and other materials containing moisture and 
which are neither readily inflammable nor explosive 
nor conductors, an electric screen heater is available 
Applicable to woven wire screen No. 2 mesh or smaller, 
the heater is inexpensive to operate and will perform 
on new or old gravity or vibrating installations. It 
consists of a step-down transformer for low-voltage 
heating current, delivered through high amperage 
cables to special bus bars that extend the full length 
of the screen on each side. The screen acts as re- 
sistance to flow of current and is heated sufficiently to 
reduce the moisture content of materials on the screen 
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Screen capacity is increased and beating—to keep the 
screen open—is eliminated. F. R. Hannon & Sons 


13—SPRAYWELDER: A new model powder metal- 
lizing unit to execute the Colmonoy Sprayweld Process 
is announced by Wall Colmonoy Corp. The Model B 
spraywelder is light in weight, has an eye-level air 
gage, greater capacity air filter, convenient air regu- 
lator, more positive air and powder control valves, 
new trigger mechanism, increased cooling capacity in 
head for steadier operation and longer tip life, and 
locked feed mechanism on carburetor. The Spray- 
welder can be used to metallize base metals with 
copper, brass, stainless steel, zinc, and aluminum. 


Free Literature 


20—PYROMETERS: Two portable models suitable for 
plant and laboratory are described in bulletin PPY-1 
released by Wheelco Instruments Co. Specifications on 
thermocouple holders and tips are also included. Price 
sheet provides a listing of standard scale ranges. In- 
struments are used where temperatures of molten 
aluminum, zinc, lead, tin, brass, and other nonferrous 
alloys must be measured before pouring 


21—SOAKING PIT: Technical bulletin on a soaking pit 
which reduces fuel consumption by 40 pct while almost 
doubling the amount of steel heated has been issued by 
Loftus Engineering Corp. Cycle time for accelerating 
initial temperature head, recirculation through normal 
combustion system, and fully automatic dual com- 
bustion system with dual outlets are just a few of the 
many features 

22—BARREL FINISHING: Booklet available from 
Minnesota Mining & Mfg. Co. describes this modern 
method of deburring and finishing a wide variety of 
metal parts by rotating them with abrasives and com- 
pounds in specially designed machinery. Abrasives 
and compounds used are illustrated and many advan- 
tages of using this method are fully described. 


23—CONVEYOR MAINTENANCE: Installation, opera- 
tion, and maintenance of chain drives and conveyors 
are fully detailed in brochure 51-7 issued by Chain Belt 
Co. 

24—POWER SCREW DRIVER: Advantages and appli- 
cation of power screw drivers are containec in booklet 
obtainable from Shakeproof, Inc., div. Ulinois Tool 
Works. Detailed drawings illustrate application, in- 
stallation, and mechanical features of the power screw 
driver, said to drive up to 60 or more screws per min 
Typical industrial uses of the unit with specific data 
on production and time savings are included. 


25—DRILLING MACHINES: Catalog DM published by 
Wales-Strippit Corp. illustrates machine for precision 
layout, drilling and reaming holes. Featured are the 
3, hp motor, precision-built drill head, two speed 
gearing, air clamp lever, and dial indicator calibrated 
in 0.0001 in. Specifications for model 3600 are also 
listed. 


26—CORROSION NOTEBOOK: Sixteen-page booklet 
issued by Carpenter Steel Co. contains data on the 
corrosion resistance of various types of stainless tubing 
and pipe. Intergranular, galvanic, atmospheric, and 
pitt-type corrosive conditions are described. 


27—METALLURGICAL GRINDING: Bulletin describes 
equipment available for fine grinding specimens with 
emery papers or wet type silicon carbide papers or 
cloths. Includes both hand and motor powered grind- 
ers. Buehler Ltd. 


28—PRECISION TOOLS: The importance of heat proc- 
essing machines as automatically controlled precision 
tools in production lines is stressed in booklet available 


from Selas Corp. of America. Descriptions and illus- 
trations include metal brazing, selective hardening, 
heating-for-forging, tinplate fusion, melting, and nor- 
malizing. 


29—CAST-WELD CONSTRUCTION: Valuable data on 
technical developments in the field of cast-weld con- 
struction are contained in brochure issued by Steel 
Founders’ Society of America. Examples of metals 
conservation, production economies, improvements in 
functional design, and other engineering gains are 
cited. Booklet comprises a reprint outlining numerous 
practical examples of leading steel foundries’ effective 
application of proven cast-weld techniques. 


30—STAINLESS PIPE: Lightweight Schedule 5 is de- 
scribed in set of data sheets published by Carpenter 
Steel Co., alloy tube div. Advantages of light walls 
that conserve critical alloys and reduce installation 
costs are outlined, and technical data on wall thickness, 
pressures, etc. are given 


31—METALLOGRAPH: Compact instrument complete 
for examining, studying and photographing metal 
samples and other materials is illustrated in bulletin 
from F. T. Griswold Mfg. Co. Typical microphoto- 
graphs made by the instrument of hypereutectoid steel 
samples at magnifications of X400, X1200, X2000, and 
X3400 are shown. 

32—MAGNETIC DRIVE: Complete information on 
magnetic drive and new magnetic amplifier regutron 
speed control are described in bulletin available from 
Electric Machinery Mfg. Co. Fully illustrated section 
is included that covers applications of drive and speed 
control. 

33—METALLURGICAL POLISHING: Booklet issued 
by Buehler, Ltd. describes and includes sample of 
emery, aluminum oxide and silicon carbide papers and 
12 polishing cloths. Trade names, particle size, etc 
are given for many abrasives 


AIME Student Key 


Now available, an _ attractive 
gold-plated sterling silver key 
for AIME Student Associates. 


Blue enamel centerpiece with 
gold lettering, and the name of 
your school in blue enamel on a 
gold background. 


ONLY $2.75, TAX INCLUDED 


Actual Size 


Name of school, 8c per letter extra 


AIME 
29 West 39th St. 
New York 18, N. Y. 


Student Associate Keys, for 
money order 


Please send me 

which | enclose check 
for $ 

Name of School 

Name 

Address 

City, Zone, State 


(JMB) 
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York 18; Detroit, 


San Francisco; 


Metallurgical or 
gineer with general background in 
light metals such as aluminum, mag- 
nesium or titanium, for statistical con 
trol and coordination to manufactur 
ing divisions. Salary, $7600 a year 
Location, Washington D. C. Y5699 


Metallurgical 
B.S. degree, for special investigation 
and development work in precision 
manufacturing operations 
experience in metallurgical 
ng or design of precision machinery 
helpful but not required. Location, 
suburban Philadelphia. Y5680 


process- 


Metallurgist, to develop welding pro 
improvement in quality 
Specify weld 


cedures for 
ind reduction in cost 


ing equipment and techniques for use 


n production products involving car 
bon and alloy steel in cast or rolled 
form. Advise 
naterials for design of products for 


For speed im your general forging 
operations, specify Harper Electric 
Furnaces. Shown above is o versatile 
Harper Furnace designed for billet and 
bar heating of metals that require 
special atmospheres. This sturdy unit 
has a chamber size of 12" x 12" « 8 
long with doors at each end 

Ninety kilowatts of power is sup 
plied to the “Globor non-metallic 
heating elements to give rapid heating 
of heavy charges resulting in maxi 
mum production 

Accuracy of temperature control 
giving improved workability of billets 
end bars for rolling and drawing is 
provided through correct application 
of temperature control instruments 

Scale usually formed in heating is 
eluminated through accurate control of 
special atmospheres 

Double door forging furnaces of this 
general type are available in several 
sizes and we are equipped to build 
continuous furnaces with atmosphere 


* Rez TM. Carborundum Companys 


Personnel Service 


New 


Chicago 


POSITIONS OPEN 


mechanical en- 


Engineer, 22 to 35, 


Previous 


product engineers as to 


best application of welding. Super- 
vise qualification testing of welding 
processes and welding operators. Su- 
pervise X-ray equipment and X-ray 
operators. Perform metallurgical tests 
as required, and interpret test results 
and reports and recommend any steps 
to be taken based on such tests. Loca- 
tion, New York State. Y5329(b) 


Assistant Professor in metallurgy; 
young, preferably with Ph.D.; should 
have special interest in the field of 
ferrous metallurgy and an interest in 
research as well as teaching. Salary 
open. Position starts Sept. 1, location, 
Midwest. Y5564 


Engineers. (a) Copper smelter su- 
perintendent, familiar with reverbera- 


tory furnaces and converters. (b) 
Foremen and a mechanical engineer 
to take charge of maintenance and 


repairs at a copper refinery in north- 
eastern Turkey. Y5433 


DOUBLE DOOR 
Electuic FURNACE 


for BILLET 


and BAR HEATING 


controls for special operations. Write tell- 


ing of your needs, stating type, size, 
weight of product and production re- 
quired, firing cycle, available electric ser- 
vices and special choracteristics, and 
Harper Engineers will be glad to recom 
mend and quote on suitable equipment 
for you 


HARPER ELECTRIC FURNACE CORPORATION 


DEPT. No. 10, 39 RIVER STREET 


BUFFALO 2, N. Y. 


Metallurgical Engineer with several 
years’ experience in ore concentra- 
tion. Work to be mill operation and 
some development. Expanding organ- 
ization. Salary, to $6000 a year. Loca- 
tion, Southeast. Y5405 


Assistant Chief Engineer in charge 
of metallurgical operations, 30 to 35, 
B.S. or M.A. in chemical engineering, 
experienced in the design of chemical 
and/or metallurgical processes equip- 
ment. Will work with process develop- 
ment engineer on design and develop- 
ment of new process equipment, espe- 
cially rotary kilns and nickel-cobalt 
separation processes. Salary, $7200 to 
$8400 a year. Location, Cuba. Y5657. 


TITANIUM RESEARCH 
& DEVELOPMENT 


National Research Corp. 
and Monsanto Chemical Co 
have united their research 
efforts on titanium and are 
planning a much expanded 
program. Additional techni- 
cal manpower for all phases 
of the work will be re- 
quired in the future. Spe- 
cifically required immedi- 
ately are one senior and 
two junior chemical en- 
gineers. 
National Research Corp 
70 Memorial Drive 
Cambridge 42, Mass 


RESEARCH METALLURGISTS 
Excellent opportunity on en- 
larged research staff of non- 
ferrous mill products mfgr 
M.S. or Ph.D. Age 24 to 33 
Applicants should be familiar 
with testing and instrumenta- 
tion; have a good working 
knowledge of advanced mathe- 
matics and principles of theo- 
retical metallurgy for alloy, 
diffusion and metal forming 
projects. Free medical and in- 
surance coverage Location 
Connecticut 


Box G-11 Journal of Metals 


RESEARCH METALLURGIST Thor- 
ough training in physical metallurgy 
and the structure of metals. Recent 
graduate acceptable. Advanced degree 
desirable Field includes metallogra 
phy radiography welding, elevated 
temperature evaluatior alloy devel- 
opment. foundry process studies, etc 
Well established firm expanding under 
aggressive management 


Box G-9 JOURNAL OF METALS 


METALLUR- 
desir 
ible. Assistant in staff group engaged 


NDRY CONTROL 
GIST—Engineering education 


in testing and control of foundry 
alloys, sands, etc and “trouble shoot- 
1 operates both ferrous and 
nonferrous foundries. Well recognized 
in its field, under progressive manage 
ment. Offers opportunity for advance- 
ment for competent vour 


t 1 man 
Box G-10 JOURNAL OF METALS 
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PROFESSIONAL SERVICES 


Limited to AIME members, or to com- 

panies that have at least one AIME 

member on their staffs. Rates $40 per 
year per inch. 


ENGINEERS 
CONSULTANTS 
METALLURGISTS 


Small Jobs Welcomed 


SAM TOUR & CO., INC. 
Laboratories and offices 
44 Trinity Place, New York 6, N. Y. 
Testing—Certifying 
American Standards 
Testing Bureau, Inc. 


MAX STERN 
Consulting Engineer 
for rap Recovery and Ship- 
wrecking rmzation of Plants 
and Yards for rous and Nonferrous 
Metal Scrap 
150 Broadway New York 7, N. Y. 


LEWIS B. LINDEMUTH 
Consulting Enguncer 
140 CEDAR STREET NEW YORK 6,6. ¥ 
STEEL PRODUCT'ON 
CONSTRUCTION 


R. S. DEAN LABORATORIES, INC. 


Consulting, Research Development 
Chemistry, Electrochemistry, & Metal- 
lurgy Laberatery Research on a 

Contract Basis 


5810—47TH AVENUE AP-2821 
RIVERDALE, MD. 


COPPER SMELTER 
SUPERINTENDENT 


For new copper smelter in 
Northeastern Turkey. Must be 
familiar with coal fired rever- 
beratory furnaces and hori- 
zontal converters. Good living 
conditions and excellent cli- 
mate. 
Box F-6, JOURNAL OF METALS 


Maintenance Engineer 
Copper Refinery 


For new copper smelter in 
Northeastern Turkey. Must be 
familiar with coal fired rever- 
beratory furnaces and hori- 
zontal converters. Good living 
conditions and excellent cli- 
mate. 
Box F-7, JOURNAL OF METALS 


Versatility... without Costliness for 


Photomicrography 
Photomacrography 


A highly versatile, yet inexpensive combination. Indispensable for 
routine photomicrography or photomacrography, with Micro- 
Summar lenses. For plates and cut films 3% x 4% inches, black 
and white or color. Accessories available for varied requirements. 


eCit= MAIVb 


Laboratory 
Camera 


Direct vision reflex housing 

for grain counting 
Vertical camera with bellows of 50 cm. 
Simplified time and instantaneous shutter 
Rack and pinion for lens panel 
Light-tight connecting sleeve 

for microscope 


4 


with ¢ 


BMe 
Metallurgical 
Microscope 


Built-in illumination 

Large, modern stand 

Rack and pinion coarse focusing 

Micrometer fine adjustment on double ball bearings 

Interchangeable large, square mechanical stage 
adjustable vertically by rack and pinion 

Dovetail slider for interchange of tubes 

Large vertical illuminator with 
compensating prism and plane glass 


Write to Dept. Micro 1064 JM 
E. LEITZ, Inc., 304 Hudson Street, New York 13, N. Y. 


LEITZ MICROSCOPES . SCIENTIFIC INS 


BIN CU S LEICA CAMERAS AND 
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845 HANNA BLOG 


Service Division mixer feeds tempered Ramset onto conveyor 
for delivery OVER charging buggies to furnace. 


SPECIAL SERVICE EQUIPMENT 


A FAMILIAR trade mark identifies a dependable product. But qual- 
ity of product is only one of the values that stand back of the 


“man with the shovel.” 


BASIC ENGINEER You purchase valuable extras with any of our refractories. On 


Gur yours Tem Saten, of Gs Beste Ramset hearth installations, for example, you benefit from the skilled 


Service Division, hos spent most of his € > avai 
supervision of the Basic Service Division, as well as from the avail- 
shop floors ability of their special mixing, conveying and impacting equipment. 


As a Basic customer, you pay no more for our products because 
of this service. It is just another plus for your money, another user 
benefit by which we seek to earn an increasing share of your granular 


basic refractories business. 


ofracte Inco ito rated 845 HANNA BUILDING, CLEVELAND 15, OHIO 


Exclusive Agents im Canada: REFRACTORIES FNGINEERING AND SUPPLIES, LTD., Hamilton and Montreal 
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THE DRIFT OF THINGS 


by okie 


WING to the fact that the usual Fall Meeting, or 

Mid-Year Meeting, or Regional Meeting, as it was 
variously called, was not held in 1950, many AIME 
members are wondering if any definite policy has been 
adopted as to its continuance. Although scheduling of 
the Fall Meeting is done on a year-to-year basis, there 
is no ground for the idea that such meetings will not 
be held at least fairly regularly in the future. Last year 
a combination of circumstances prevented holding such 
a meeting. The American Mining Congress held an im- 
portant convention and exhibition at Salt Lake City 
late in August. The AIME was to hold its Annual Meet- 
ing in St. Louis in February 1951. To hold another 
national meeting in the Midwest or Far West in the 
interval between seemed, especially with a war going 
on, to be putting somewhat of a strain on the member- 
ship, both in preparing for and attending such a meet- 
ing 

This year the Fall Meeting is being resumed, of 
course, with the Mexico City meeting, Oct. 29 to Nov 
3. Next year, the Fall Meeting will be held in Chicago, 
sometime in the week beginning Sept. 8. This is the 
time of the Centennial of Engineering celebration, 
which the American Society of Civil Engineers is spon- 
soring in connection with its 100th anniversary. Many 
engineering societies will hold fall meetings in Chicago 
at that time, so that papers of general interest, or joint 
interest with other groups, will be especially appro- 
priate. Several AIME Divisions are likely to participate 
in the program, though few have made any definite 
plans. No plans have yet been made for the Fall Meet- 
ing of 1953, so that invitations will be considered from 
any Local Section or city that wishes to sponsor a 
meeting at that time. A suggestion has been made that 
it be held in Montreal, with a field trip to some of the 
Canadian mining properties. 

As to Annual Meetings, the present plan is to alter- 
nate them between New York and another city: New 
York 1948, San Francisco 1949, New York 1950, St. 
Louis 1951, New York 1952, Los Angeles, 1953, New 
York 1954, possibly Houston or some other petroleum 
center 1955, New York 1956, possibly Chicago 1957. 


Chance to Clean House 

Out in the country where we live the serenity re- 
cently has been punctured more often than formerly 
by the bells of the junkman’s truck. It used to be that 
payment for scrap metal was little or nothing. The 
junkman charged as much for taking away the stuff 
that neither of us wanted as he was willing to give 
for the stuff that he could use. Anything of heavy metal 
now seems to be in demand, and the junkman’s face 
lit up no end when we found an old cast iron stove for 
him. This led us to look into the situation a bit, and 
we find that steel producers are really threatened with 
a scrap shortage more serious than that which occurred 
about 10 years ago. Supplies of heavy industrial iron 
and steel scrap are dangerously low. Scrap inventories 
have dropped from two months’ supply to stock suffi- 
cient only for a few days or weeks, according to the 
American Iron and Steel Institute. 

Of the 1% billion tons of steel now in use in the 
United States, millions of tons normally are discarded 


each year and eventually return to the mills as scrap. 
During World War II between 110 and 120 million tons 
were diverted overseas, and scarcely any came back to 
this country. Scrap has not been exported recently in 
any quantity, but the country’s immense steel produc- 
tion, at the rate of 104 million tons a year, exceeding 
by 10 pet the World War peak, has absorbed an enor- 
mous amount of scrap. Producers would like to have 
about 60 pct scrap and 40 pct virgin metal to make 
steel to the best advantage; currently the proportions 
substantially are reversed. 

The scrap cycle, steel from mill to product and back 
to mill, must be restored quickly to maintain current 
production, to say nothing of building up depleted in- 
ventories to carry mills through the winter months 
when collections fall off. Government, industry, and 
agriculture can aid in war preparedness and provide a 
public service by conducting an emergency inspection 
of their properties and sending obsolete machinery and 
equipment to the nearest scrap dealer. There will be 
no better time for housecleaning than now, in spite of 
the shortage of labor in many plants. All available 
heavy scrap is urgently needed. 


Finding Summer Jobs 


Though organized only three years ago, the Institute's 
Minerals Beneficiation Div. is one of its most active 
groups. Among its committees is the Education Com- 
mittee, which one might perhaps be pardoned for 
thinking would have more or less prosaic activities. 
But under the chairmanship of Rush Spedden, at 
M.LT., it is really doing a job that other committees 
might emulate. It has tackled the problem of summer 
jobs for students. 

Its plan is designed: (1) To help students find suit- 
able summer jobs so that they can get some valuable 
working experience while earning money to help meet 
the rapidly increasing cost of an education; and (2) To 
give the mining and metallurgical companies of this 
country a chance to have a wider choice of technical 
employes. Through a few months of summer work a 
company easily may appraise the capabilities of a man 
they may wish to employ later. The student himself 
may discover an interesting problem for a thesis or 
special project for his senior year 

Professor Spedden sent questionnaires to some 70 
companies operating minerals beneficiation plants. He 
asked them how many students could be employed, the 
type of work available and the pay scale, living accom- 
modations, special qualifications desired, preferences 
and restrictions, and the dead line for the receipt of 
applications. Upon receipt of the returned question- 
naire, it was copied and sent to the Faculty Sponsors 
of interested Student Chapters. The students were in- 
vited to apply for the jobs on another prepared form, 
which gave the employer the information he would be 
likely to wish to know about the applicant. 

More will be known about the success of the scheme 
by the end of the summer. An appreciable number of 
the employers approached replied with requests for 
several men, and presumably many students were thus 
placed in work in which they were especially interested 
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CRUSHING TEST: Ductile iron pipe 
sections, tested to fracture in com- 
pression, reveal the superior duc- 
tility of this new engineering mate- 
rial. Its strength and toughness 
make ductile iron an excellent ma- 
terial for tubular products. The av- 
erage ring modulus of rupture on 8” 
diameter rings so tested by Under- 
writers Laboratories was 127,650 
p.s.i. Photographs shown here were 
furnished by Lynchburg Foundry 


BURSTING TEST: This 8” diameter 


pipe was cast in ductile iron, welded 
with Ni-Rod 55" (nickel welding 
rod developed for cast iron) and 
then subjected to bursting tests. Av- 
erage internal bursting pressure: 
4,300 Ibs. Average bursting tensile 
strength: 48,600 p.s.i. All cracks oc- 
curred outside of the weld, with no 


BURSTING TEST 
8 PIPE NO A 73 
B.P. 4.300 

B.T. 48,600 


Company, Lynchburg, Va. shattering. 


DUCTILE IRON’S SUPERIOR PROPERTI 


revealed by crushing and bursting tests 


DUCTILE IRON is a cast ferrous product that combines 
the process advantages of cast iron with many of the 
product advantages of cast steel. 


In less than two years, ductile iron has attained wide 
acceptance because it offers excellent castability, high 


The International Nickel Company, Inc 
Dept. J.M., 67 Wall Street, New York 5, N. Y. 


Please send me a list of publications on: DUCTILE IRON 
Name Title 
Company 
Address 


City State 


mechanical properties, and good machinability. Parts 
cast in ductile iron show superior pressure tightness, 
high modulus and resistance to shock. 


Typical current applications include ball joints, 
brake drums, cover hangers for soaking pits, gears on 
agricultural machinery, large valves, pressure heads 
for pumps, snow guards and plow points. 


AVAILABILITY: Send us details of your prospective uses, 
so that we may suggest a source of supply from some 
100 authorized foundries now producing ductile iron 
under patent licenses. 


Request a list of available publications on Ductile 
Iron...mail the coupon now. 


THE INTERNATIONAL NICKEL COMPANY, INC. sewers: nv 
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A_100-kw, S-phase, continuous, open top smelting furnace has been installed at the Bureau 
of Mines Lab, Albany, Ore., for research on direct smelting of nickel alloys from 


Riddle, Ore., iron-nickel ores; high-phos iron ores from Scappose, Ore., and chromite 
concentrates from Montana. A 500-kw unit is being completed for developing data 

upon which to base plans for industriel smelting procedure. Its capacity is 8 to 15 
tons of ore in 24 hr, as compared to 1 to 2 tons for the 100-kw unit. 


A_new 16-in, high vacuum valve, largest of its type, was announced by F. J. Stokes Machine 
Coe The valve is designed for pressure differential in both directions and is offered 
in special metels for corrosive applications. Just a fraction of the size of corres- 
ponding rubber-diaphragm types, it has worm gear drive and features fast opening and 

closing. 


Union Carbide & Carbon's Electro-Met Div. is planning an expansion at the Portland, Ore., 


plant including new buildings, facilities, and the eddition of electric furnace units 
that should double calcium carbide and ferroalloy output. 


Expansion of production of several mineral commodities important to metels refining is 
being encouraged by rapid tax amortization. Tax incentives have been issued or sre 
being processed for production of metallurgical lime, dead-burned dolomite, sulphur, 
refractories, and magnesie. 


Keokuk Electro-Metals Co., just completing a 50 pet capacity increase at its Wenatchee 
Div., Rock Island, Wash., is adding to its Keokuk facilities. An edditional blast 
furnece will be built, graphite and sleg cohtrol equipment will be added, and raw 
and finished material handling facilities will be modernized. The program will 
cost about $1.7 million. 


Naval Ordnance Lab, White Oaks, Md., recently installed a_new Sendzimir mill for 
producing thin steel stock needed for pulse transformers, magnetic amplifiers, 

guided missiles, and high frequency applications. The mill will roll strip up to 
8.5 in. wide, reducim, 1/16 in. stock to 0.0005 in. 


While the Office of Neval Research announced the Horizons, Inc., new titanium process 
would reduce the vrice of titanium from $5 to about $l a 1b, the facts are that no 
one knows whut it will cost. The process, an electrolytic technique, is a laborstory 
method, and has not been tested yet in the pilot plant stage. 


Reynolds Metals, through ean $85 million privete loan, will build a new reduction plant 
and gas-diesel power plant at Corpus Christi, Texas, and add to facilities at Jones 
Mills, Ark., and Troutdale, Ore., plents. Another $12 million expansion at Longview, 
Wash., reduction plant will increase output by about 40 million 1b per year. Capacity 

increase wil] be through melting pot enlargement. 


Zirconium hydride powders are superior to straight zirconium powders for compacting and 
sintering. Compacting at 40 to 50 tons per sq in. at 1150° to 1260°c, and the use 
of graphite boets during sintering results in compacts of practically theoretical 
density and arrreciable ductility. 


Speer Carbon Co., in a $10.6 million expansion program, will build a new plant at Niagare 
Falls, N. Y., which should double the company's graphite electrode capacity. Also, 
expansion and improvement of facilities is underway at the company’s plants in St. 
Marys and Bredford, Pa., and the present Niagara Falls unit. 
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Open Hearth Charge Ore... 
_____ Key To Steel Capacity Expansion 


Samples of fused ores 
made in a rotary kiln 
operation 


by LEWIS B. LINDEMUTH 


ITH 117,000,000 tons of ing yrojected 
W for 195 135,000,000 tons of metallic charge 
for the ingo roducing furnace will be required 
Th ul © 23,000,000 tons more than was re- 

The difference between the scrap 
total metallic charge 
production and from 


rth furnaces to com- 


rhe ary 


open 


ra proportion of blast furnace 


that produced 
that supplied 
by manufi ! u dealer purchased scrap 
Purchased scrap in the early 1930's constituted about 
$1 pet of the open hearth charge, but in 1950 was 


only 19.4 pet It variously has been estimated that 


LEWIS 8. LINDEMUTH is Consultant im steel production, Lewis 
B. Lindemuth, Inc, New York 
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the amount of purchased scrap in 1953 will fall short 
of the 1950 tonnage by as much as 10 pct.’ Home 
scrap ts likely to be the same proportion of the 
metallic charge in 1953 as it was in 1950 

Ore substitution for scrap is important as the iron 
in the ore constitutes an appreciable and less ex- 
pensive part of the metallic charge. Any circum- 
tance that would permit a higher percentage of ore 
in the charge would aid in replacing the diminishing 
scrap supply. If an iron ore were in every way 
suitable for a charge ore and contained say half of 
the oxygen usually associated with a lump ore, 
twice as much charge ore could be used and the 
recovery of metallic iron from the ore would sub- 
stitute for the equivalent tonnage of scrap 

For example, if a plant had 24 pet of home scrap 
for charging and no purchased scrap, but had a 
charge ore containing half the usual amount of oxy- 
gen that a good lump hematite has, the charge 
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ore charged into t 
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would be made up approximately: Home scrap, 24.0 
pet; Hot metal, 59.2 pet; and Iron from ore, 16.8 pct. 
This would result in 1.07 tons of ingots from each 
ton of iron and scrap and therefore it would be more 
than desirable to use as much charge ore as Is 
metallurgically possible. If these same conditions 
were undertaken with a lump hematite of normal 
oxygen content (about 25 pct), the charge would 
be made up: Home scrap, 24.0 pet; Hot metal, 66.1 
pet; and Iron from ore, 9.9 pet. In this case, 0.988 
tons of ingots would be produced from one ton of 
iron and scrap 

A charge ore with half its oxygen content elim- 
inated and with about 70 pct Fe has been produced 
and tests in open hearth furnaces, while not suffi- 
ciently extensive to be conclusive, have indicated 

. that the results as outlined are highly probable. 

Purchased scrap will, of course, be available in 
some percentage, which will reduce the requirement 
for hot metal and charge ore by a corresponding 
amount 

To further the use of a higher amount of charge 
ore, the silicon content of the hot metal is impor- 
tant. Higher silicon requires a higher percentage 
of ore.” * A convenient method of estimating the 
amount of charge ore is to determine the amount of 
scrap to be charged and then the amount of hot 
metal necessary to properly melt down this scrap if 
no ore was charged. On a rough average, with 1 pct 
silicon in the iron, the hot metal is 80 pct of the 
amount of scrap. It would be more with low silicon 
iron and less with higher silicon. It would be more 
with light scrap and less with heavy scrap. It varies 
with furnace design, size, fuel, etc. but for any 
given set of conditions is fairly constant. 

If it is assurned that 35 pct of mixed scrap is to be 
used, iron of 1 pct silicon for melting this scrap 
amounts to 28 pct of the total charge. This leaves 
37 pet of the weight of the charge to be made up 
from excess iron and from the iron content of the 
ore, which is charged to take care of this excess iron 
In this case the ore requirement would be about 35 
pet of the weight of the excess iron which, if the 
ore ran 60 pct iron, would introduce 21 pct of the 
weight of the excess iron as iron in the ore.. The 37 
pet of the charge—excess iron plus iron from the ore 

would, therefore, be made up of 30.6 pct excess 
iron and 6.4 pet of iron from ore. The charge would 
then be: Scrap, 35.0 pet: Iron, 58.6 pet; and Iron from 
ore, 6.4 pct. The amount of ore necessary to charge 


Storage pile of fused ore, ready for use as open hearth 
charge ore 


Metallic iron appears white, iron 
oxide appears gray, and voids appear black 


Structure of fused ore 


would then be 10.7 pet. If the silicon were 0.50 pet, 
the charge would be: Scrap, 35.0 pct; Iron, 61.0 pet; 
and Iron from ore, 4.0 pet. This would amount to 
6.7 pct iron ore, If the silicon were 1.25 pct, the 
charge would be: Scrap, 35.0 pet; Iron, 53.4 pet; and 
Iron from ore, 11.6 pet. The necessary iron ore 
would be 19.3 pet. 

Higher silicon in the hot metal, up to the limits 
where it would not interfere with blast furnace pro- 
duction or costs, would aid materially in supplying 
additional metallics from ore for the open hearth 
charge. The data from which these estimates were 
made, as well as previous estimates, were arrived 
at empirically. The furnaces at the plant where 
data were evolved are in excess of 200 tons capac- 
ity. While the data do not necessarily apply to other 
plants they are sufficiently close for guidance and 
estimation 


Open Hearth Charge Ore 


Three important characteristics differentiate open 
hearth ore from blast furnace ore. They are: 1 
The size of individual lumps should be in excess of 
1 in. mesh. 2—The ore should be as free as possible 
from combined water. 3—The ore should have an 
apparent density of more than 3.5. 

Ore meeting open hearth requirements is available 
in this country only in extremely limited quantities. 
If good ore was available, the furnace facilities for 
producing the 117,000,000 tons would be sufficient 
for 5 or 6 pet in excess of that figure. Ingot yield 
would be increased probably as much as 2 pet, re- 
quiring 2,000,000 tons less of metallic charge for the 
open hearth for the same ingot production. It has 
been demonstrated that variations of about 12 pct 
in production are attributable to charge ores.’ 

In 1950 ingot production was: Bessemer—4,534,- 
558 tons; Electric Furnace—5,943,856 tons; and Open 
Hearth—86,200,000 tons. For the purpose of dis- 
cussion it is assumed that the increased production 
will be provided for by the open hearth process, 
which would increase ingot production to 106,500,- 
000 tons and require 122,500,000 tons metallic 
charge 

In 1950 the composite charge for the entire open 
hearth production was made up as shown in Table I 
The iron ore was calculated on the basis of having 


AUGUST 1951, JOURNAL OF METALS-—593 


. 
: 
Fes 
4 
> 
4 
| 
Z 
‘ 
rf 
~ 
4, 
* 


Table |. Composite Charge for Open Hearth Production 


lone 1953 

Tens Pet Tons Pet 
Purchased Scrap 19.260 19 42 19,260,000 15.72 
Home Scrap 24,340,000 24.50 29,962,000 24.50 
Total Scrap 43.600 000 43.92 49.222 000 40.22 
Iror 52.47 55.21 
Iron from Ore +61 4.57 
Total Charge 99.200 000 122,500,000 


available an ore as specified and this amounted to 
a requirement of 6,000,000 tons. It is probable that 
the actual tonnage of the poor grade open hearth 
ores charged amounted to 8,500,000 tons. The total 
open hearth metallic charge for an ingot yield of 
86.9 pct was 99,200,000 tons. On the same basis, 
the composite charge for 1953 would be as shown 
in Table I 

The nonintegrated steel plants use 100 pct scrap, 
and the integrated plants use a lower percentage 
of steel scrap and a higher percentage of iron and 
ore than the industry average. For example, the 
average charge for a number of integrated plants 
was: Scrap, 30.8 pet; Iron, 62.5 pct; Iron from ore, 
6.7 pet 


Ingot Yield 

Low ingot yield from using an unsuitable charge 
ore results mostly from the same causes that ad- 
versely affect other phases of the process under the 
ame conditions. Wet ore, particularly that contain- 
ing combined water, usually causes violent reactions 
after the hot metal addition. During these reactions 
metal frequently flows from the slag hole into the 
slag thimbles and may or may not be recovered 
This can be considerable in extreme cases, but al- 
most invariably a certain amount of metal is lost 
with a blow 

The same applies to fine ore, whether or not it 
contains combined water and particularly in wet 
weather when even the surface moisture may not 
be removed before the hot metal addition. It also 
can occur with fine ore where insufficient heating 
of the pile of ore has caused the hot metal addition 
to temporarily freeze over It has been demon- 
strated that it requires about 4 hr to heat a pile of 
oft cre 8 in. thick to 212 F with a 3000°F surface 
exposure. Low apparent density contributes to a 
decrease in yield because a certain proportion of 
such ore floats out of the furnace with the flush slag 
This is particularly true of down-draft sinter 

In heats that blow, the bath is chilled to varying 
degrees prolonging the time of heat. If the oxide 
charge was originally correct for a normal heat, the 
prolonged time brought about by the blow will 
cause the heat to melt soft and require further addi- 
ions of metal to get it sufficiently hot for tapping 
This will overcharge the furnace and, unless ladles 
with thin linings are available, metal will overflow 
the ladle into the slag thimble 

Accuracy in charging a heat requires that uni- 
formity in reactions taking place in the furnace 


must be assured. Variations in the analysis and 
quantity of hot metal may be compensated for, but 
variations in the reactions of an unsatisfactory ore 
cannot. Unusual irregularities in timing the addi- 
tion of hot metal can result in losses with any kind 
of ore, or with heats in which no ore has been 
charged, but such instances are exceptional 
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Twenty-four plants using soft ore reported an 
ingot yield of 86.38 pct, while 20 plants using sinter 
or nodules reported a yield of 87.60 pct.’ Soft ore is 
fine and contains high moisture and generally high 
combined water. Sinter is light in density, contains 
considerable fines, but is practically free from 
moisture and combined water 

A foreign plant for the year ended Nov. 30, 1939 
averaged an ingot yield of 88.95 pct with a charge 
containing 72.42 pct iron, This is the usual yield 
under normal conditions at this plant. The plant is 
in the position, however, of being able to select 
open hearth charge ore to a size that has been found 
best for all percentages of iron in the charge and 
for all sizes of furnaces up to 250 gross tons. Only 
ore that passes over a 1 in. grizzly is used. 

Open hearth metallic losses increase with an in- 
crease in the percentage of iron in the charge, be- 
cause the normal loss with iron is approximately 
10.5 pet while the loss on scrap and on the iron con- 
tent of the ore is about 4.5 pct. Good open hearth 
practice will put scrap and butts at about 2 pct. 
Ingot yield in this country could be 89 pct or 
slightly higher. Steel plants using high iron charges 
(50 pet and over) reported an average ingot yield 
of 86.94 pct 

Accuracy in charging a furnace so that it melts to 
the desired analysis each time cannot be obtained 
if the furnace blows, if the metal freezes, or if 
charged ore floats out of the furnace with the flush 
slag. Steel scrap requires a definite minimum 
amount of iron in the charge to have it melt as de- 
sired. There are variables affecting this minimum 
that can be controlled fairly accurately. When it is 
necessary to arbitrarily charge more iron than this 
minimum, there is a definite quantity of iron ore 
that must be charged to compensate for this excess 
iron. There variables are under control only as long 
as the ore being used does not cause serious inter- 
ruptions to the metallurgical sequences. The fine 
ores and the wet ores, and the combinations of these, 
do not permit the accuracy necessary for high ingot 
yield and high production. Typical of the ores now 
being used are the screen tests on soft ores and 
sinter shown in Table II. 

The recognition of these conditions is furthe 
borne out in “Contributions to the Metallurgy of 
Steel—No., 36",° and the paper by Golden and War- 
ren.’ Under the conditions that will exist when the 
expansion program reaches the stage of 117,000,000 
tons of ingots, the adverse effects of the present 


Table 1. Ores Used for Open Hearth Charges 


Sereen Soft Ores, Pet 
Size Group? Group 6 Princeton Sinter, Pet 
2 iv 8.90 
li 13.51 11.19 
“sin 5.86 
15.6 ad 
‘air 17.55 19.16 
‘ein 8.21 16.54 
2 mesh 23.38 36.80 
8 mesh 19.38 19.49 
10 mesh 8.94 
20 mesh 7.81 13.29 14.10 7.37 
40 mesh 12.00 10.40 10.09 651 
60 mesh 10.25 6.82 4.05 2.12 
80 mesh 245 1.06 
80 mesh 
100 mesh 3.81 2.36 1.85 
100 mesh 20.31 7.70 12.55 
Combined 
water, pet 10.20 495 143 00 


-_ — 


charge ores will be increased because there will be 
higher iron charges and larger furnaces. 

While only size, density, and water in ore have 
been considered, there are also limitations on the 
usually found impurities and residual metallic con- 
tamination. These are, with the exception of acid 
content, more or less local considerations and do not 
affect the open hearth process using high iron 
charges. 

It is believed that high acid content is beneficial 
In coarse sized, heavy oxide and assures a fast, fluid 
flush. When hot metal is added to a heat where iron 
ore has been charged, the furnace and the charge 
are at that moment comparatively cold. To form at 
this stage a free running slag for a quick flush, the 
additional acid in the ore materially assists at this 
temperature. Most of the silica of the ore passes out 
with the flush slag and does not subsequently inter- 
fere with the acid-basic relationships of the finishing 
slag; nor does it increase appreciably the volume of 
the finishing slag. In ores, 8 to 12 pct of acids 
(ALO, + SiO TiO.) can be more desirable than 
an extremely low acid content 

To prepare a charge ore that will meet all of the 
physical and moisture requirements now recognized 
as essential for a satisfactory open hearth process, a 
pilot plant was built at The Hanna Furnace Corp. in 
Buffalo. As the process and product differ from 
down-draft sinter and nodules, the term fused ore 
was applied to differentiate from other processes 
and products. It was the intention to use existing 
fine or soft ores, or flue dust, or mixtures. 

It was learned from this plant that such ore 
could be made readily, that the size and to some 
extent the density of the product could be controlled, 
and that the process was adaptable for preparing 
blast furnace ore from fines without regard to the 
degree of fineness. It was also learned that ore for 
either purpose could be half-reduced, giving a 
matrix of metallic iron and iron oxide. The pilot 
plant had a capacity of approximately 100 gross tons 
per day of ore feed. On the basis of the pilot plant, 
the estimated operating cost of a commercial plant 
would be about the same as that of a down-draft 
sintering plant, but would vary somewhat with lo- 
cation 


The Buffalo plant treated successfully all types 
of fine ores available at the time, including screened 
and unscreened Lake ores, fine magnetic concen- 
trates, pyrite cinder, flue dust, sludge, and some 
waste materials, many of which were more than 65 
pet 325 mesh. Taconite concentrates were not 
available at that time, but the treatment of materials 
physically and chemically approximating them in- 
dicates that the process will handle Taconite con- 
centrates. It was also found that zine could be re- 
moved. 

The apparent density can be varied between 3.5 
to 4.5, the larger sizes being in the higher density 
range. The appearance of the product is that of an 
irregularly rounded nodule, varying in size up to 
8 to 10 in. diam. The ore also can be fused com- 
pletely, in which event it flows as a liquid from the 
furnace and takes the shape of the molds on the 
conveyor onto which it is discharged. 

The process was based upon a pilot operation in 
France previous to World War II, known as the 
“Follsain” process, but modified for higher unit pro- 
duction and greater flexibility of product. It is a 
rotary kiln operation, using a kiln of two diameters, 
each section being independently driven with vari- 
able speed drives. Fuel for the process, coke breeze 
or fine anthracite coal, is mixed with the ore and 
charged into the feed end of the rotary kiln. The 
fuel and the ore move down the kiln as it rotates 
and become preheated. At the end of the first sec- 
tion this preheat is below the temperature at which 
the ore would stick to the lining, but high enough 
that the fuel will ignite instantly in the second 
section 

The second section is larger in diameter. Near 
the discharge end is directed downward into the ore 
and fuel a blast of air preheated to 1200° to 1500°F, 
but at a constant temperature within this range. 
The air blast must have just sufficient pressure to 
agitate the ore through its entire depth to the lining 
of the kiln. The air blast and the preheated fuel 
supply the only heat for the process. Under the 
blast there is immediately an intense temperature 
that softens the ore sufficiently for it to agglomerate. 

The size of the product is controlled by the rotat- 


Ore fines, the raw material, 
and powdered coal are 
stored in hoppers above a 
belt that goes directly into 
the kiln. The operation is 
continuous 
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material quickly through the 


ing speed of the second kiln speeds, which 
take the 
the blower and then quickly discharge it from the 
As the speed is 


Return fines under 1x 


zone unde! 


kiln, produce small sizes ' to 1 in 


decreased the sizes increase 


in. are less than 2 pet 


The conditions for making 
large sizes are the same conditions which “ring” the 
A knife-edge along 
the kiln wall cuts the soft ore from the lining. This. 
in turn, rolls back over the ascending sticky ore and 
coalesces with it, 


lining of the nodulizing kiln 


snowballing into the larger sizes 

No accurate mixing of the ore_and fuel is required 
other than collecting them on a belt and discharging 
them into the kiln. The only moisture requirement 

that it be low enough to permit the materials to 
pass through the bins and handling 
Moisture is taken care of, if necessary 
of the preheat section 

The Buffalo plant had three bins, two for ore and 
one for fuel. These bins discharged through table 


onto a belt 


equipment 
by the speed 


feeders The belt discharged into a screw 
conveyor that was intended for mixing but found 
unnecessary, and then into a bucket elevator that 
carried the mixture up to the charge spout of the 
kiln The discharged from the 
kiln fell onto a conveyor 
machine but of 
to below a red heat without the use of water 


agglomerated ors 
similar to a pig casting 
sufficient length to cool the material 
Water, 
the same as in down-draft sintering, will make the 
product friable 

The amount of air required is about 100 cu ft pel 
lb of carbon burned. The coal or coke breeze for 
mixing with the ore is from 4 to 6 pet, depending 
upon the refractoriness of the ore, 
preheating the ai: 
per ton of product 


and the fuel for 
blast approximates 600,000 Btu 
An externally fired recuperator 
is necessary for the air as the temperature of the 
waste gases is only 400° to 600°F. A metallic re- 
cuperator ts required because the blower is neces- 
sarily located on the cold side of the recuperator 

In treating 325-mesh materials, it was found 
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A blast of preheated air is 
directed downward into the 
ore and fuel near the dis 
charge end of the kiln. This 
blast softens the ore suffi 
ciently for it to agglomerate 


necessary to keep the velocity of the products of 
combustion as they leave the kiln at not more than 
300 ft per min. There will be a certain amount of 
material in suspension at the higher temperatures, 
but below this velocity the dust loss is very low 
with nothing more than a dust catcher at the end 
of the kiln 

Several modifications in the method of obtaining 
heat for special purposes have been considered and 
investigated. The most extreme case is that of ag- 
glomerating an oxide with a high fusing tempera- 
ture, but which reduces readily in the presence of 
carbon or CO and which is + and ten microns in 
size. For these conditions a flaming electric arc is 
proposed for replacing both the fuel and the pre- 
heated air 


The absence of any volume of products 


of combustion is expected to minimize dust loss on 
this extremely fine material 

This agglomerating process for metallic oxides is 
continuous and simple. The plant for carrying it out 
was made up of units of standard equipment. Con- 
trol of the preparation of the raw materials and of 
the operation of the process is not extremely critical 
at any stage. Its flexibility adapts it to many dif- 
ferent materials and to the usually encountered 
variables when treating a given material, and also 
permits a variety of physical forms of any one ma- 
terial 
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Secondary Aluminum Recovery— 


T the close of the last war some surplus war 
material used in the South Pacific Allied opera- 
tions was brought together and placed in dumps for 
subsequent disposal, according to the then existing 
Allied policy. The larger dumps in the New Guinea 
area were located at Lae, Hollandia, Morotai, and 
Biak. The dump on Biak island consisted largely of 
surplus war planes, and this is a brief description of 
how the aluminum of these planes was recovered. 

The island of Biak is located just north of the 
elbow formed by the western arm of Dutch New 
Guinea. The natives are unbelievably primitive, but 
rather intelligent and quick to learn. They readily 
adapted themselves to the work of the aluminum re- 
covery program, and while extremely lazy, when 
given adequate instructions and supervision, the 
Papuas performed the work with surprisingly few 
accidents. 

In order to conserve time, two tasks were under- 
taken simultaneously. The planes had to be broken 
up and prepared for the melting program, and the 
furnace plant had to be constructed. The surplus 
war planes on Biak had most of their instruments 
and radio equipment removed, so that only the air 
frames, wings, and motors remained. The motors 
were first removed from the plane bodies and placed 
in temporary open storage. The aluminum propellers 
were removed, cleaned of all foreign metals, and 
shipped as-is. After melting got under way, the 
motors were taken to goedangs for dismantling. 
These goedangs were large sheds entirely open at 
the sides, covered with corrugated sheet iron. As far 
as the aluminum program was concerned, only the 
aluminum pistons, cylinder heads, crankcases, and 
miscellaneous aluminum parts of the motors were of 


H. W. FRANZ is Metallurgical Engineer for Singmaster & Breyer, 
New York 


In the South Pacific 


Aluminum from scrapped 

aircraft around the island 

of Biak was recovered by 

means of rather crude but 

effective methods. This is 
the recovery plant. 


importance. As in the case of the propellers, the 
pistons were cleaned and shipped as-is while the 
cylinder heads, crankeases and smaller aluminum 
parts were stored for the melting program. 

As the air frames and wings were rather bulky 
for shipping purposes, it was planned to melt them, 
and to cast the resulting metal into 1000 lb ingots. 
To control the quality of the ingots, a thorough prep- 
aration program was instituted. Before the planes 
were broken up, most of the foreign materials such 
as steel cables, copper wire, electrical equipment, 
plastics, zine fittings, magnesium castings, and lead 
counterweights were removed. Rubber linings of the 
fuel tanks were removed and burned, but if this 
proved difficult, they were burned in place. The 
planes were cut by steel cables or by hand axes, and 
the bulky parts were flattened out by running a bull- 
dozer over them. The cut parts were then transported 
to the furnace dump area. The dimensions of the 
furnaces limited the cut plane parts to about 16 ft. 


Furnaces 

Except for such items as certain instruments and 
oil burners and related equipment, most of the mate- 
rials for the construction of the furnace plant came 
from either the dump areas of Biak or Hollandia. 
The furnaces were housed in what was part of a 
Butler hangar, arranged to act merely as protection 
from the heavy rains. There were three sweating 
hearths of 20 ft OD, the centers of which were on a 
semicircle of about 25 ft radius. The furnace hearths 
were made of fire brick laid over tamped coral sand. 
The top of the hearths were about 2 ft above the 
ground, and sloped in the direction of the center of 
the semicircle. Run-off troughs conducted the molten 
metal to a central holding or collector furnace, 14 ft 
diam. The hearths were covered by 6 ft high re- 
movable caps, lined with Sil-o-cel brick, having a 
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flat suspended Sil-o-cel roof 
vided in the caps to permit combustion gases to 
The outer steel plates for both the hearths 


and the caps were made of discarded corrugated 3/16 


Openings were pro- 


escape 


in. alr raid shelter plates 
The furnace caps were removed by a _ 10-ton, 
pivoted bridge-type crane, with the pivot point 


located at the center of the semicircle and directly 
above the center of the holding furnace. The oute1 
leg of the crane ran in a circular are on guide rails 
and served the three furnaces. The lifting mechanism 
of the crane was powered by an electric motor, but 
the crane had to be spotted over the fur- 


Some 20 to 30 natives were re- 


moved or 
naces by man power 
quired for this task 

The holding, or collector furnace, was about 12 ft 
ID, and about 7 ft high. The outer steel furnace shell 
was made of discarded air raid shelter plates, which 
lined with firebrick. The roof was of the flat 
uspended type, while the hearth was made of fire- 
brick laid on tamped coral sand. The hearth had a 
slight slope in the direction of the tap hole. The 
center of the tap hole was about 2 in. above the 
hearth. The original cast iron tap hole was replaced 
with firebricks having a tapered hole drilled in them 
This tap hole gave very little trouble 

There was a short, brick-lined trough which led 
from the tap hole to the pour box. This pour box 
was lined with firebrick, and was of the usual tilting 
type which permitted intermittent pouring into the 
molds while metal flowed from the 
holding furnace. The pour box was controlled through 
operated worm gear, with an extended 
haft which allowed the operator to be located about 
20 ft from the tap hole 

The heat for the sweating furnaces was provided 
by three oil burners placed 180 
cumference of the furnace walls. Two burners were 
located in the furnace cap, and the third burner was 
of the metal exit hole, and over 
the sloping section of the bottom hearth. There were 
two oil burners for the 
found that when thi 


were 


continuously 


a manually 


apart on the cir- 


located to one side 


holding furnace, but it was 
furnace reached temperature 
only one burner was necessary to maintain tempera- 
The casting ring wa 
of odds and end The 


the main 


a circular affair constructed 
post was taken from 
a Japanese anti-aircraft cannon 
The casting ring was about 35 ft diam, ard normally 
carried 13 molds. The molds placed at the 

iter edge of the ring in a circular continuous pan 


centel 


ipport of 
were 


type structure which was supported by a circular 


inder arriage made of discarded rails which In turn 
carried small flanged wheels. The wheels ran on a 
Three- 
g from the 
Two turns of a steel 
drums taken 
arrangement of 


laid on 


eighth in. iron rods were 


double circular track wooden ties 


used as bracir 


center post to the circular pan 


cable were wound around two cable 


from a weapon carrier. By a crude 


geal lever and clutches, a single electric motor 
vound r unwound the cable from either drum 
which in turn actuated the casting ring. Because 


there was a definite length to this cable the casting 


ing was incapable of being operated continuous!y 
direction. The 
after about 1's turn 
anism had to be 


installation was such that 
of the casting ring 
reversed. The 
mall jib crane which 
molds, and to remove the 
The casting area was roofed over by corrugated sheet 
iron laid on roof trusses made of 


Electric 


In any ome 
the mech- 
same type arrange- 


ment served a was used to 


service the cast ingots 


crap angle iron 


powe i-phase 220 v. was delivered to 
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Equipment was gathered by natives, stripped of foreign 

materials and metals, and then cut by steel cables or hand 

axes and flattened by a bulldozer. This scrap was then 
shipped to the furnace dump area 


There were three 


Furnaces were housed in a Butler hangar 

sweating furnaces, such as this one, 20 ft diam. Hearths 

were made of fire brick laid over tamped coral sand. Runoff 

troughs conducted molten metal to a holding or collector 
furnace 


This sweating furnace is charged and ready for melting. The 

hearths were covered by 6 ft high removable caps, with 

openings to permit combustion gases to escape. The cap is 
shown removed from the furnace 
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The collector furnace in the background is shown being 
tapped. In the foreground is the casting platform 


the plant through a transmission line about 300 ft 
long. The power plant consisted of a battery of four 
25-kw reconditioned diesel driven portable units. 
Two oil pumps, as well as the 15 hp air blower, with 
respective motors were located in a small shed just 
outside the Butler hangar. Oil was piped from two 
2000-gal storage tanks. The oil originally came from 
the former Navy dump at Hollandia. Stored rain 
water was used for ingot cooling 

The prepared scrap from the furnace dump area 
was transported to the furnace plant by means of 
small lorries pulled by small gasoline driven tractors. 
The scrap was hand charged onto the sweating hearth 
high enough to clear the inside of the furnace cap 
After the hearth was charged with scrap aluminum, 
the cap was lowered in place and all three burners 
were turned on. Under the action of the heat, the 


aluminum (together with other low melting metals, 
if not previously removed) melted off dropwise and 
collected into small pools. These immediately flowed 
off to the collector furnace. Towards the end of the 
furnace cycle the two top burners were usually 
turned off, leaving only the hearth burner to com- 


plete the melting process. If the scrap was clean 
there was very little dross or foreign matter remain- 
ing, but usually the hearths had to be rabbled to 
break up the trapped aluminum pools. When the flow 
of aluminum from the sweating furnace ceased, the 
furnace cap was raised, foreign matter and dross 
were removed by hand, and the furnace was then 
ready for another charge 


Cast into iron molds, the metal was sprayed for rapid cool- 

ing. The plant, designed for 24 hr operation, had a capacity 

of 30 ton of finished ingots a day. This production, how- 

ever, was never reached, and the melting program took 
longer than originally planned 


As the bridge crane served all three furnaces, the 
time cycle was generally worked so that as one 
furnace was charged, another would be ready for 
rabbling or was ready for charging. The furnace 
crews were given goggles, gloves, and shoes, as their 
normal mode of attire consisted simply of a short 
pair of trousers. 

With this type of installation, it was imperative 
that all furnace scrap be previously cleaned and 
freed of low melting alloys as there was no provi- 
sion for subsequent metal refining. However, in a 
few cases of high magnesium, rather vigorous rab- 
bling of the metal in the collector furnace tended to 
oxidize the magnesium to acceptable limits (as well 
as oxidize some of the aluminum). The dross that 
accumulated on the surface of the metal within the 
collector furnace was removed as required as it con- 
tained a few metallic impurities which would slowly 
redissolve in the molten metal. 

The molds were shaped to provide an ingot of 
roughly 2x5 ft, and about 10 in. thick. These ingots 
weighed about 1000 lb. On the inside, and about 4 in. 
from the bottom of the mold there was a shelf ex- 
tending horizontally about 4 in. on each side which 
provided a convenient set back to the ingot so that 
the prongs of a fork-lift truck could be used in trans- 
porting the ingots. The molds were cast iron with 
about 1% in. walls, and were made in a local foundry 
in Java. Considerable trouble was experienced with 
these molds as many cracks quickly appeared, due 
to thermal shock. This was caused by thin mold 
walls (2% in. would have been better), and by the 
operators having the metal too hot for casting. An 
attempt to reinforce the molds by tie rods and chan- 
nel iron was undertaken by the operating personnel, 
but the reinforcement was improperly applied with 
the result that almost all of the molds were shortly 
broken. As soon as the top surface of the ingot solid- 
ified in the mold, a water spray was directed on it 
to cause rapid cooling for the unloading operation 

At the mid-point of the casting operation, a ladle 
sample was taken out of the mold being filled. Part 
of this sample was cast into small disks for spec- 
trographic analysis and the remaining sample metal 
was allowed to cool in the ladle. This last part was 
later drilled fer chemical analysis. A visual long 
wave spectrometer was used as a quick rough check 
on ingot quality, while the wet chemical analysis 
permitted the ingots to be graded as to impurity 
content 

This aluminum recovery plant as constructed and 
operated was something unique in nonferrous metal- 
lurgy. It was designed for 24 hr operation, with a 
daily capacity of about 30 tons of finished ingots 
Because of unforseen plant delays and local circum- 
stances, this capacity was never attained, with the 
result that the melting program took just about 
twice as long as was originally planned. 

The design was that of Dr. M. Asimow, who left 
before the plant was completed to resume his post 
at the University of California. Certain design de- 
tails were altered, and the remaining construction 
was completed under the writer's supervision. Tech- 
niques of furnace operation, as well as chemical con- 
trol, were established by the writer. 

The contract to do the job was given by the Dutch 
Netherlands Government to S. Vles & Zonnen, of 
Rotterdam, and to the Richard Nathan Corp., New 
York, the latter firm supplying the technical skill, 
as well as the material and equipment not available 
locally 
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—NYLON 


A Factor In 
STRESS CORROSION 
Of Aluminum Bronze 


TRESS corrosion cracking of aluminum bronze 


occasionally has been mentioned in technical lit- 


erature. Plastics in contact with stressed aluminum 
bronze in tap water may cause stress corrosion crack- 
ing 


Stress corrosion cracking occurred in a clamp ring 
of aluminum bronze in contact with a nylon part in 
service in city The assembly 
nylon part held to a stainless steel part by means of 
silicon-bronze screws through the clamp ring. The 
aluminum bronze clamp ring failed in a brittle man- 
ner at two points diametrically opposite and at right 
angles to the screw holes. The aluminum bronze wa 
of the following composition: 94.5 pct Cu; 5.2 pet Al 
0.001 pet Pb; 0.04 pet Fe; and 0.20 pet As. This alloy 
had been chosen specifically 


water consisted of a 


because of its superior 
resistance to stress corrosion. The clamp rings tested 
prior to showed that the material ap- 
parently was satisfactory in that it was ductile, and 
several broke at a reported stress of 105,000 psi 
One half of one of the aluminum bronze 


assembly 


rings that 
had failed in service subsequently was tested in ten- 
ion and shown to be quite ductile. A macroscopic 
examination indicated that the fracture was of the 
brittle No deformation was detected 
the samples that had been pulled in tension showed 
marked deformation 

On the other hand, the ring that failed in servic 
howed distinct evidence of a stress corrosion failure 


type whereas 


The major fracture was intergranular: and a second 
crack of the found immediately 
adjacent to the original apparently 
inating on the inside surface and extending approxi- 
mately 1/3 across the section as shown in Fig. 1. A 
third intergranular crack was found appreximatel) 
's in. away from the original fracture and also orig- 
inated a\ the inside surface of the ring. Fig. 2. Both 
photomicrographs indicate a uniformly satisfactory 


ame nature was 
fracture 


orig- 


structure. Hardness tests gave uniform results; the 
total range was R..,. 83 to 88.5, with an average of 
R,., 87, approximately equivalent to Ry, 81. Evidence 


indicated that the cracks, and very probably the frac- 
ture, originated at the inside surface in contact or 
in relatively close proximity to the nylon gear. Fig 
3 is an end view of the assembly showing the rela- 
tienship of the various components. The distortion 
of the aluminum bronze ring is evident and to be 
expected. The reported characteristics of all the 
failures encountered definitely placed the area of 
failure as being in contact with the nylon gear 

A number of the nylon parts were tested qualita- 
tively for ammonia using the Nessler Reagent. All 
samples tested indicated the presence of 
amounts of ammonia, but it is questionable whethe: 


trace 


E. J. SILK is Senior Metallurgist at Som Tour & Co., Inc., New York 
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Fig. 1—Original intergranu- 
lor fracture and second in- 
tergranular crack adjacent 


Fig. 2—Third intergranular 

crack that originated at in- 

side surface of the ring 
Xx100 


to it. X100 


nylon in tap water will release ammonia. Nylons are 
complex polyamides, produced by the polymeriza- 
tion of dibasic acids and diamines. The resultant 
product is a complex linear polyamide. Amides as 
chemical compounds are hydrolyzed in the presence 
of mineral acid or alkali to form the corresponding 
organic acid and release ammonia. The reaction be- 
tween nylon polyamide and the strong alkali present 
in the Nessler Reagent may have produced the am- 
monia, thereby giving a positive ammonia test. The 
hydrolysis reaction is more pronounced in acid than 
alkali solution and at elevated temperatures. As a 
possible source of amines from nylon, there may 
have been some residual diamines, which did not 
polymerize in the manufacture of the nylon 

In view of the definite evidence of a stress corro- 
sion failure, and the fact that the aluminum bronze 
was metallurgically free of defects, it was only pos- 
sible to conclude that the nylon gear was the con- 
tributing factor to the stress corrosion failure 


Fig. 3. End view of assembly showing the relationship of the 
verious components 


| | 
4 
| 
; 
> 
© 
5 


Oxygen 
Acid 
Electric Steel 


Production 


N melting steel in an acic electric furnace, the 

various stages of the oxidizing and refining periods 
should follow in a definite sequence so that the re- 
actions in the bath take place and are able to reach 
completion. Every steel melter probably has experi- 
enced having the furnace get ahead of him. By this 
is meant that he has erred in his judgment of when 
to go from high tap to a lower tap. This procedure 
upsets the usual reactions of oxidizing the silicon, 
carbon, and manganese in the bath. If allowed to go 
far enough much larger additions of iron ore or other 
oxidizing agent will be required to bring the carbon 
to the proper level and to produce the vigorous boil 
in the steel bath, which is necessary for successful 
casting of steel. 

Another way this same condition can be brought 
about is to have a charge that contains a great 
amount of sand or slag, which covers the steel pool 
as it melts. This prevents the normal amount of 
oxidation to take place, and if extreme enough it 
may cause silicon to be reduced from the slag and 
enter the bath. This will prevent the usual oxidizing 
reactions. 


Tapping a 30-ton heat of alloy steel from a tilting furnace. 


The necessary steelmaking reactions take place 
most economically and quickly at certain times and 
temperatures in the melting cycle. To recognize the 
proper time to make furnace additions, and to reg- 
ulate the current input to bring about these reactions 
is the big job of the melter and the test of his skill. 

At Oklahoma Steel Castings Co., oxygen is used 
in the 2-ton acid electric furnace as the oxidizing 
agent. With the furnace charge made up of 55 pct 
plate and forging scrap and 45 pct shop scrap, the 
charge does not contain enough oxide to keep the 
bath sufficiently oxidizing for best operation. For 
this reason, an iron ore addition of 1.3 pct of the 
charge weight is placed in the cold charge along 
with approximately 15 points of carbon in the form 
of carbon electrode turnings. When no additional 
oxide was used in the charge, the furnace produced 
a reducing atmosphere that held the residual silicon 

J. H. GARRISON is Chief Metallurgist of Oklahoma Steel Cast- 
ings Co., Inc., Tulsa, Okla. This article was presented at the 
Electric Furnace Steel Conference, Pittsburgh, Dec. 7 to 9, 1950. 
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Table |—Typical slag and steel analyses 


Time of Analysis Steel Analysis, Viscosity, Slag Analysis. 
et Herty, ',-In 

c Mn si FeO MnO S10 

Before Os Injection 041 032 6.19 3.75 In 25.5 8.15 51.9 

After Ov Injection 0.17 0.18 O13 15 In 206 95 55.5 

At Tapping 023 O74 046 1.25 In 17.0 96 59.2 


too high for the bath to respond quickly and vigor- 
ously in the oxygen boil 

Standard charge melts in with a carbon content 
of 0.40 pct and silicon 0.20 pet. The charge is melted 
down on high tap until it is almost completely 
melted. Practice has been to make a slag addition of 
sand and limestone as soon as the charge is suffi- 
ciently melted to get this material in the furnace 
door. It is believed that this slag with approximately 
25 pet iron oxide from the charge and iron ore addi- 
tion helps stabilize the are and hasten the process of 
gaining the desired temperature to begin oxygen 
injection 


Control by Ammeter 


A pyrometer is not used in maintaining furnace 
control. An Esterline Angus recording ammeter is 
used by the melters as a control instrument. The 
recorder is a 10-amp meter connected in the primary 
circuit of the melting furnace and located near the 
furnace switchboard. All melters know how import- 
ant it is to watch the furnace, its flame and color, 
and the volume of the smoke; and to keep an ear 
tuned to its hum. This recording ammeter is success- 
fully used by the melter as a guide in maintaining 
furnace control and aids in maintaining a standard 
practice from one shift to another. The chart paper 
of the recording ammeter moves at the rate of one 
division line every 742 min. The current surges are 
shown as the lines swing to the left and are pro- 
nounced on high tap, as the charge is melting and 
the scrap slides in against the electrodes 

At No. 2 tap, the charge is all melted and the arc 
is stabilized as the metal quietly increases in tem- 
perature and the ammeter draws a straight line pat- 
tern until it abruptly reaches a boil. This point is 
shown by the ammeter as it causes a sudden surg- 
ing in the flow of current into the bath. This is shown 
on the recording ammeter chart in the No. 2 tap 
period 

At this point, oxygen is injected. Carbon content 
is determined with a Carbanalyzer, the power is 
turned off at the furnace, electrodes are raised, the 
furnace door is opened, and oxygen is injected into 
the bath 

The oxygen is brought near to the furnace from a 
cascade system through a 1's in. diam welded steel 


Table ||—Comparisons between operations using oxygen and those 
using ore 

Oxidation Oxidation 
Furnace Data with Oxygen with Ore 
Power consumption, Kwh per to 457 518 
Roof and lining life, No. heats t31 406 
Electrode consumption, per ton of steel, Lb 699 7.61 
Steel melted per mir Lb* 105.7 985 


° Time includes charging and delays 
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line. A l-in. rubber hose fitted with a filter at either 
end makes the connection between the oxygen line 
and the lance. The lance is a 4 ft length of copper 
pipe and a 7 ft length of steel pipe, all 1 in. diam. 
The end of this lance is reduced to *s in. pipe, 3 ft 
long and covered with a rammed refractory material, 
which is used green and is renewed for each oxygen 
injection. 

This lance delivers a flow of oxygen of 100 cu ft 
per min at a pressure of 50 lb. Pressure is main- 
tained by a globe valve pressure regulator. A port- 
able shield placed in front of the furnace door pro- 
tects the operator from the flames of the furnace. 
This shield is built with a service opening, through 
which the lance is injected into the furnace. As the 
oxygen is turned on, the lance is put into the bath 
to a depth of 6 in. at an angle of about 45°. A boil 
is quickly started and extends to all parts of the 
bath. 

The length of time of oxygen injection is deter- 
mined by calculating the time needed to reduce the 
carbon to the desired level at the rate of 4 points 
per min. The steel temperature increases consider- 
ably during the oxygen boil. When this period is 
finished, power is turned on, a carbon test is taken 
quickly and, if it is in the desired range, manganese 
and silicon additions are made. The heat is tapped 
2 min later. 

At the plant of Oklahoma Steel Casting Co., the 
recording ammeter is believed to be a convenient 
and dependable instrument, which helps the melter 
in maintaining furnace control in the practice of 
oxidizing steel with oxygen. 

In the spring of 1948 when the use of oxygen in 
the steel furnace was started, data seemed to indi- 
cate that there were definite limits of total carbon 
drop and the rate of carbon drop necessary to pre- 
vent pin holes in the castings. Now, it is believed that 
maintaining the proper degree of oxidation during 
the meltdown period and bringing about the furnace 
reactions at the proper temperature and time are 
more impertant in producing quality steel than 
either the total carbon drop or the rate of carbon 
drop. By this, it is not meant to infer that a vigorous 
carbon boil is unnecessary to produce clean steel 
However, the importance of the proper sequence of 
furnace conditions and reactions should be empha- 
sized. 

Averages of analyses of typical slag and steel tests 
were made: 1—before oxygen injection; 2—at the 
finish of oxygen injection; and 3—at tapping time 
These analyses are shown in Table I 


From Aug. 15 to Sept. 15, a check made of 100 
mild steel heats showed the following average 
values: Meltdown carbon, 38 pct; oxygen, 450 cu ft: 


carbon content after oxygen, 0.195 pct; and average 
rate of carbon drop, 4.17 points. 

Table II shows some comparisons between present 
operations using oxygen and those of 1947 using iron 
ore. Monthly production was approximately the 
same for the two periods and therefore should give 
a true comparison of results. The periods compared 
are 2 month periods. The furnace roof and lining 
life in neither case are the highs or the lows, but 
are believed to be average 

This shows a substantial improvement over the 
record with iron ore oxidation in every respect ex- 
cept refractory life, which is more than offset by 
time saving, lower power cost, and a 30 pct improve- 
ment in manganese recovery. 
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re Practice 


In Acid Electrics 


by F. J. STANLEY 


Awe practice in any foundry is designed 
to produce sound metal that possesses, after 
appropriate heat treatment, desired physical charac- 
teristics. Practices developed or adopted may differ, 
but objectives are the same. The practice in use in 
the operation of a 12-ton furnace at McConway & 
Torley Corp., Pittsburgh, achieves the objective out- 
lined. 

The data from which this article was prepared 
were taken during the production of a series of 17 
heats. Averages are shown, and in no case were data 
deleted that were obtained from an unusual heat. 
Unusual conditions occur from time to time, when 
the boil and the slag development vary from the 
normal time requirements. To recount conditions 
arising in everyday practice, these conditions are 
included in the data shown. 

These 17 heats were made in a 12-ton Moore 
Lectromelt furnace, powered by a 5000 kva trans- 
former. Electrodes were 14-in. graphite, and were 
consumed at a rate of about 9 lb per ton of charge. 
Power consumption was between 460 end 470 kw 
per ton of charge. Rcof life averaged about 300 heats 
and lining life about 325 heats. Shaped refractories 
were used to make up the roof. 

In this article, the term blow designates the point 
at which the boil, usually vigorous, becomes violent 
and the period through which this violence contin- 
ues. This is usually from 2 to 3 min. The rate of 
carbon reduction during the blow is slightly more 
than a point a minute, but diminishes during the 
milder but still active boil that follows. The blow 
doesn't always occur, but occasions when it does 
not are rare. On these occasions the heat is worked 
with no allowance for its failure to develop. 

To avoid misunderstanding of the use of the term 
the block, it is used here to indicate the ferrosilicon 
and silicomanganese additions made to the bath 
This is made as soon as the carbon and the slag ad- 
justments are completed. 

Original melting equipment at McConway & Tor- 

FRANK J. STANLEY is Works Manager of McConway & Tor- 


ley Corp., Pittsburgh. This paper was presented at the 8th Annual 
Electric Furnace Steel Conference. 


ley Corp.'s plant consisted of three acid openhearth 
furnaces. These were replaced by two Moore Lectro- 
melt top charge units of 6 tons and 12 tons capacity, 
respectively. The replacement of the open hearths 
took place from 1941 to 1945, the first unit installed 
being the 6 ton furnace in 1941. It was operated 
along with the two remaining open hearths. This 
circumstance influenced the practice that was estab- 
lished in operating the electric unit 

Experiments and tests were made in conjunction 
with the Acid Open Hearth Assn., resulting in an 


Pouring a top charge 6-ton electric furnace. 
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ore practice in the open hearths that was predicated 
upon slag observation and manipulation. In estab- 
lishing methods for the new unit, it was natural 
that much of the openhearth practice would carry 
over. This was the case, and by the time the 12-ton 
furnace was installed the practice was established 
With but one exception, this practice has remained 
unchanged. This exception was the abandonment 
about two years ago of the practice of making all 
ore additions after the melt-down. It was found that 
the boil began earlier when an increment of ore was 
added with the charge, and the overall time re- 
quired to process the heat was shortened. How 
much, however, is not a matter of record 

The present charge consists of 24,000 lb, consist- 
ing of 60 pct plate and structural scrap, 20 pct 
foundry returns, 14 pct steel car wheels, and 6 pct 
axle turnings. Because the furnace cannot hold the 
full charge, about 4000 lb is withheld until melting 
has progressed sufficiently to accomodate it, and 
with this final charge 300 lb of ore is added 

This charge gives a melt-down carbon between 
0.28 and 0.36 pct, manganese between 0.11 to 0.20 
pet, and silicon between 0.07 to 0.12 pet. The tem- 
perature at the melt-down is usually 2800° to 
2830°F, with a slag that runs completely through 
the test mold. Incidentally, the test mold is the mold 
recommended by the Acid Open Hearth Assn., 18 
in. long with a “s in. bore. Carbon determinations 
during the heat are made with the Carbometer, and 
temperature readings are taken with a Leeds and 
Northrup optical pyromete: 

Immediately after the melt-down, an addition of 
300 lb of ore is made. The boil starts almost at once 
after this addition and continues with increasing 
vigor through the blow to the block. The time lapse 
from the beginning of the boil to the block is from 
12 to 33 min, depending upon the carbon drop, the 
temperature rise, and the shaping up of the slag 
The temperature at the beginning of the boil is 
about 2850°F. At the end of the blow, the tempera- 
ture has risen to 2950 to 3000°F, with a slag test 
run of from 12 to 14 in. The slag at this point carries 


from 32.72 to 39.06 pet FeO, 8.52 to 9.92 pet MnO, 
and 39.22 to 47.13 SiO.. The 


carbon drop during the 
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A 12-ton “OT” Lectromelt 
furnace similar to the one 
installed at McConway & 
Torley Corp 


boil and the blow is at a rate of 0.0036 to 0.0093 pet 
per min, with an average drop of 0.0064 pct per min, 
less than a point a minute 

The time from blow to block is devoted to carbon 
adjustment and development of the desired slag 
condition. Sand only is used in shaping the slag, 
and either ore for carbon reduction or pig iron for 
recarburization, as required, is used for carbon ad- 
justment. During this period, the temperature rises 
to 3020° or 3050°F; and the slag test length de- 
creases from 12 to 14 in. down to 5 to 7.25 in. The 
composition of the slag at this point, just before the 
block, is: 20.30 to 24.27 pet FeO; 13.60 to 16.95 pct 
MnO, and 50.70 to 55.20 pet SiO.. With the slag and 
carbon satisfactorily adjusted, the block, consisting 
of silico-manganese and ferro-silicon, is made; and 
the heat is tapped as quickly as possible. To the 
ladle is added the balance of the additions, consist- 
ing of silico-manganese, aluminum at the rate of 
3 lb per ton of charge, and calcium-silicon at the 
rate of 2 lb per ton of charge. The tapping tempera- 
ture is 3025° to 3050 F. 

These figures approximate those presented by Dr. 
G. R. Fitterer in his paper on Acid Electric Slags, 
presented at the fourth conference of the Electric 
Furnace Steel Conference, Dec. 6, 1946. Dr. Fitter- 
er’s observations were made on heats produced in 
the same furnace, and, with the exception of making 
all ore additions after the melt-down, were based on 
the same practice 

An attempt was made to determine whether slag 
depth on the bath changed materially from the time 
of its formation until the tap. No adequate method 
was devised to measure slag thickness. An esti- 


mate based only on observation is that slag is 
about “s in. thick after its formation and may reach 


a thickness of ‘2 in. at the end of the heat, depending 
upon the weight of sand added 

In tests to determine the actual melting loss, 
three heats were studied. The method used was the 
weighing of the charge as usual, weighing a new 
ladle, and weighing the empty ladle plus the residual 
slag. The average of the three heats indicated a 
melting loss of 4.55 pet and a slag weight of 5.4 pct 
of the weight of the charges 
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N accordance with the custom of this society, we 

are gathered here, as we have every year since 
1924, to honor the memory of the eminent American 
metallurgist and teacher, Professor Henry Marion 
Howe. Unlike many of the distinguished metallur- 
gists who have preceded me as a Howe lecturer, I 
cannot bring to you reminiscences of his personality, 
for it was not my privilege to be associated with 
Professor Howe, or to be directly one of his students. 
Yet, Professor Howe and Professor Albert Sauveur, 
through the medium of their books, were my first 
teachers of metallography, as they have been of 
almost all American metallurgists of my generation. 
As a teacher, and for many years the acknowledged 
leader of American metallurgists, he exercised a 
profound influence in the growth of our science and 
was held in honor by the men of science of his time. 
I can speak no words of technical appreciation that 
will add luster to his fame, for by his prophetic 
vision, his teachings, and his researches he stands 
among the immortals in the memory of all metal- 
lurgists. 

In 1926, the third Howe Memorial Lecture was 
presented by Professor William Campbell’ of Colum- 
bia University, who entitled it “Twenty-Five Years 
of Metallography.” He took as a starting date for 
his chronology the turn of the century, which coin- 
cided with his arrival from England to work in 
association with Howe at the Columbia School of 
Mines. In that informative lecture Professor Camp- 
bell enumerated the important advances in metal- 
lography achieved during the first quarter of the 
century, and, it now appears, may have established 
the custom of reviewing such progress every twenty- 
five years. The scope of Professor Campbell's lec- 
ture was as broad as his metallurgical knowledge, 
for it embraced a wide portion of the field of metal- 
lography, both ferrous and nonferrous. 

Twenty-five years later, the Howe Memorial Lec- 
ture Committee saw fit to assign to me the honor of 
writing a lecture that would commemorate the work 
of Henry Marion Howe and would at the same time 
constitute the 25th anniversary of the lecture by 
Professor Campbell. The Committee suggested that 
this lecture might properly be called “Twenty-Five 
More Years of Metallography,” a suggestion that I 
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have adopted. I must confess, however, that [ have 
not followed the precedent established by Campbell 
and have narrowed the scope of this lecture to an 
appraisal of those achievements which in my opinion 
have contributed most to the progress of micro- 
scopical metallography during the past twenty-five 
years. 
Progress in Metallography 

The metallographic methods most widely used 
today, with the exception of the electron microscope, 
were firmly established more than twenty-five years 
ago. In general, our specimens were prepared for 
microscopic examination in those days in much the 
same manner as they are today. It is true that new 


details of technique have been introduced from time 


to time, and that superior equipment is available 
today, but on the whole, these improvements have 
been in the nature of refinements, often a matter of 
personal preference, and none can be considered 
essential to the attainment of the ultimate goal of 
the art and science of metallography, which is to 
reveal the structure of metallic specimens with un- 
equivocal clarity so that they may be interpreted 
correctly. 

Mechanical metallographic polishing, which was 
the only method available in 1926, is still universally 
practiced and still consists of abrading the metallic 
specimen with a series of abrasives of increasing 
fineness until a specular surface is attained. We have 
now the alternative method of electropolishing, but 
it is not widely used because, except in a few special 
cases, its results are inferior to those of competent 
mechanical polishing. 

Likewise, most of the etching reagents preferred 
today were in common use more than twenty-five 
years ago and were applied in the same manner as 
they are today. Valuable improvements have been 
made in the optical and mechanical performance of 
metallurgical microscopes, but there was no dearth 
in those days of excellent instruments equipped with 
achromatic and apochromatic objectives capable of 
yielding micrographs comparable in quality with the 
best that we can make today. In fact, it would be a 
difficult task for any metallographer today to make 
optical micrographs at magnifications in excess of 
3000 diameters that would surpass those made by 
Lucas more than twenty-five years ago. One of these 
is shown in Fig. 1. Yet, it is unquestionable that on 
the whole, the micrographs appearing in the metal- 
lurgical literature today are vastly superior to those 
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Fig) 1—Partly resolved nodule of fine pearlite 
F. F. Lucas prior to 1926. X3650 


of twenty-five years ago. Since progress in metal- 
lography is best reflected in the quality of the pub- 
lished micrographs, it suffices to compare those used 
as illustrations in the volume of the Transactions of 
this Institute which contains the Howe Memorial 
Lecture of Professor Campbell with those illustrat- 
ing any recent volume, to appreciate the magnitude 
of the progress accomplished during the past twenty- 
five years. But since this notable progress does not 
stem from new techniques or superior equipment, 
what brought it about? I believe it is the inevitable 
consequence of a better concept of what constitutes 
a properly prepared metallographic specimen. The 
aim of the metallographer some years ago was the 
attainment of a highly specular surface of adequate 
flatness, free from scratches. At the cost of many 
errors of interpretation and much confusion in our 
concept of some of the structures of steel, we have 
learned that these requisites are not enough; that in 
addition the nonmetallic inclusions have to be pre- 
served intact so that the cleanliness of the steel may 
be judged correctly, and most important of all, that 
the polished surface has to be freed from all traces 
of flowed or disturbed metal before the true struc- 
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Fig. 2 ‘lett! —Pearlite 0.89 pct C steel transformed isothermally at 1325°F. X2500. 
Fig. 3 (right) —Martensite 0.87 pct C steel water quenched. X1000. 


ture of the metal can be seen. Rapid progress began 
when the idea spread among metallographers that 
the structure observed in specimens which had been 
polished and etched just once, was seldom the true 
structure of the metal. The fact that a polished 
metallic surface owed its specular finish to a layer 
of flowed metal had long been known, but the effect 
of incomplete removal of this layer on the appear- 
ance of the structures of steel and other metals was 
not appreciated. In fact, it was generally assumed 
that this layer of flowed, or amorphous metal, as it 
used to be called, was removed completely during 
the first etching and therefore very few questioned 
the authenticity of a structure revealed in a sample 
polished by a competent operator and etched in one 
of the standard reagents. It is my belief that our 
failure to rid the surface of metallographic speci- 
mens of this insidious layer of disturbed metal was 
one of the most subtle but effective obstacles block- 
ing progress in our knowledge of the structures of 
steel and that it entailed consequences from which 
metallography has but recently recovered 

We need only to recall our concepts of some of 
the structures of steel prevalent about 1926, and the 
nomenclature and phraseology that grew logically 
out of those concepts, to appreciate how greatly our 
ideas have changed since it became possible to see 
the true configuration of the structures of steel. It 
was then generally agreed that pearlite was the 
structure resulting from direct transformation of 
austenite and exhibiting alternate lamellae of fer- 
rite and carbide, Fig. 2. Martensite was universally 
recognized as the slow-etching acicular structure of 
great hardness resulting from low temperature 
transformation of austenite and generally obtained 
by cooling steel rapidly from the austenitizing 
temperature, Fig. 3. Likewise, there was no hesi- 
tancy in identifying as troostite, the dark etching, 
nodular structure often found associated with mar- 
tensite in rapidly cooled steels, Fig. 4. In the high 
carbon alloys there was no difficulty in identifying 
ledeburite or proeutectoid cementite occurring either 
as a massive network or as primary needles. These 
are illustrated in Figs. 5 and 6 respectively. Mixtures 
of martensite and retained austenite, such as illus- 
trated in Fig. 7, were likewise readily recognized 


in very high carbon steels. However, if the struc- 
ture observed under the microscope was a dark- 
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etching conglomerate that could not be resolved into 
lamellae, then the metallurgist had to decide whether 
it was troostite or sorbite. Since these structures 
lacked characteristic patterns or configurations on 
which to base identification, the decision on what 
to call such a structure depended on the heat treat- 
ment that the steel had received. The structure was 
considered to be troostite if it had been obtained 
either by tempering martensite at slightly below 
750°F or by cooling through the transformation 
range at a rate slower than that required to form 
martensite, as for example, by oil quenching, or in 
the middle of large pieces quenched in water. It was 
sorbite if produced by tempering martensite between 
750° and 1300°F or by air cooling small pieces from 
the austenitizing temperature. In other words, it 
was generally accepted that essentially the same 
structure resulted from the decomposition of aus- 
tenite on cooling and from the decomposition of 
martensite on tempering, although by 1926 there 
was an increasing number of metallurgists who 
questioned the correctness of that view. We find, for 
instance, that Professor Campbell in his Howe 
Memorial Lecture of that year asks, “But have we 
strorg enough evidence,to prove that it (troostite) 
is the same as the secondary troostite that occurs 
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Fig. 4 (left) —Nodular fine pearlite (troostite) 0.89 pct C steel water quenched. X750. 
Fig. 5 (right! —Ledeburite 3 pct Cr steel melted in a graphite crucible. X150. 


Fig. 6 (left) —Proeutectoid cementite case carburized steel. X2000. 
Fig. 7 (right) —Austenite and martensite 1.6 pct C steel water quenched. X500. 


on cooling?” However, the fact is that the only rea- 
son this question had to be asked in 1926 was be- 
cause, in spite of excellent microscopes and fine 
apochromatic objectives, we were unable to see that 
the structures resulting from the direct transforma- 
tion of austenite were lamellar, whereas those de- 
rived from the tempering of martensite were granu- 
lar. And the reason we could not see this fundamental 
difference, clearly shown in Figs. 8 and 9, was be- 
cause our microscopes were focused on a false sur- 
face, just a few atomic layers in thickness, over the 
surface that would have given us a definitive answer. 
It was our inability to see beyond this false surface, 
more than any other cause, that gave permanence 
to the old concepts of sorbite and troostite. 

After more than a quarter century of active parti- 
cipation in furthering the art and science of metal- 
lography, it is my considered opinion that recogni- 
tion of the existence of a layer of disturbed metal 
formed during polishing and its elimination by the 
practice of alternate polishing and etching, Fig. 10, 
has been one of the observations that has contributed 
most to our knowledge of the structures of steel and 
to the progress of metallography in general. Yet, 
even after we were able to see clearly, our under- 
standing and proper interpretation of these struc- 
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Fig. 8 \left)—Laomellar structure (pearlite! 0.89 pct C steel transformed isothermally at 1225°F. X2500. 


right) —Granular structure ‘tempered martensite 


Fig. 10-a ‘left 


tures might have been delayed had it not been for 
a contribution from the field of physical metallurgy 
that I propose to discuss briefly 

rhis was the investigation by Bain and Davenport 
nto the decomposition of austenite that led to the 
development of the isothermai transformation dia- 
gram. This method of investigation in a compara- 
tively few years turned the emphasis in metallurgi- 
cal thinking and research from the study of the 
constitution of alloys after attaining equilibrium 
ai various temperatures to the study of the reactions 
in solid steel responsible for the aggregate structures, 
which in turn determine the properties of the alloy 
Since the publication of their first paper on the 
transformation of austenite at constant subcritical 
temperature in 1930, there have been few major 
contributions to our knowledge of steel metallogra- 
phy outside of the field of inquiry opened by this 
epochal work. Its contributions have been in many 
directions; it established the relation of transforma- 
tion temperature to type of structure; it enabled us 
to measure rate of transformation in solid steel; it 
taught us how alloying elements and variations in 
austenite grain size exert their influence on harden- 
ability; it disclosed the interrelation of the struc- 
tures; it gave us a new family of structures, the 
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0.87 pct C steel, brine quenched and tempered | hr at 1100°F. X2500. 


-Disturbed metal produced during polishing. b (right) —Disturbed metal eliminated. X 1000 


bainites, Figs. 11 and 12, whose valuable properties 
are finding increasing application in diverse in- 
dustries; it provided us with a scientific basis for 
revision of the obsolete nomenclature of the struc- 
tures of steel; and most important of all, it trans- 
formed the heat treatment of steel from an art into 
a science. 

In the struggle to rid the metallographic specimen 
of disturbed metal, the introduction of electro- 
polishing was a welcome aid. For many years we 
realized that practically every metallographic speci- 
men of austenitic, low carbon stainless steel ex- 
hibited striations and figures that were purely a 
surface condition produced during its preparation 
The elimination of these false structures by the tech- 
nique of alternately polishing and etching, employed 
with such success in carbon and low alloy steels as 
well as in nonferrous alloys, proved inadequate 
when applicd to soft austenitic steels. Quite often 
we were forced to accept the presence of these de- 
fects in micrographs intended for publication be- 
cause we were unable to eradicate them. With the 
advent of electrolytic polishing this vexatious con- 
dition disappeared. If we cannot by ordinary 
mechanical polishing, we can now by electropolish- 
reveal the structure of the softest austenitic al- 


ing, 
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Fig. 11—Bainite 0.89 pct C steel transformed isothermally at 550°F. X2500. a (left)—Partial transformation. b (right) —Com- 
plete transformation 


Fig. 12—Bainite 0.89 pct C steel transformed isothermally at 850°F. X2500. a ‘left)—Partial transformation. b (right) —Com- 
plete transformation. 


loys free from confusing artifacts, as may be seen in 
Figs. 13 and 14. Unfortunately when electropolish- 
ing is applied to steels other than the stainless 
grades, it often results in excessive pitting of the 
nonmetallic inclusions and for this reason we do 
not often encounter in the literature micrographs 
made from electropolished surfaces. However, the 
method is finding increasing application in the 
preparation of specimens intended for routine ex- 
amination at low power, and may lead, by simplify- 
ing their preparation, to more frequent use of the 
microscope as a tool of routine inspection. 

Not many years ago a micrograph was considered 
satisfactory if the structure photographed was rec- 
ognizable. Such defects as uneven illumination, pits 
resulting from dislodgement of nonmetallic inclu- 
sions, excessive or insufficient contrast, or incom- 
plete removal of disturbed meta! were all too com- 
mon. Today any of these defects is deemed 
intolerable by an increasing number of metallogra- 
phers. The excellence of the micrographs entered 
in competition every year at the American Society 
for Metals and other metallurgical conventions 
attest to the craftsmanship of many of our younger 
metallographers and to the pride they feel in 
achieving a beautiful photographic representation 
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of a structure. Yet, careful examination of these 
selected micrographs often reveal deficiencies di- 
rectly traceable to inzbility of the metallographers 
to make proper use of the adjustments and associ- 
ated apparatus provided by the manufacturer of 
microscopes for improvement of the image. Such 
deficiencies, small as they are in contrast with the 
gross defects of years past, are nevertheless a glaring 
reflection of shortcomings in the training of metal- 
lographers. The microscope is their all-important 
tool, but because they are not always conversant 
with the principles of optics underlying the instru- 
ment, they often fail to utilize its full potentialities 
They are expected to produce a faithful photo- 
graphic reproduction of a microstructure, but they 
have not been trained in the art and science of 
photography sufficiently to use this very flexible 
process with skill and artistry. There is probably 
no greater contribution that our colleges can make 
toward future progress in the art of metallography 
than to stress the teaching of the fundamental 
principles of microscopy and of photography. 


The Electron Microscope 


Ever since the introduction of the electron micro- 
scope metallurgists have believed that the great 
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resolving and magnifying power of this instrument 
would be of inestimable value in exploring the fine 
microstructures of steel and in the study of metal- 
involving precipitation of con- 
stituents too fine for resolution with the optical 
The first attempt in this direction 
demonstrated the ability of the microscope to re- 
solve significant details beyond the limits of the 
optical instrument, but it was immediately apparent 
from the markedly dissimilar results obtained by 
different investigators that before its inherent ad- 
vantages could be realized the leading to 
such diversity of results had to be ascertained and 
eliminated 

It was the consensus of a group of electron micro- 
scopists and metallurgists that by concerted study 
of the various steps involved in the production of 
an electron micrograph it should be possible to ar- 
standardization of procedure 
that would result in satisfactory agreement between 
different investigators as to the appearance of pre- 
sumably similar structures. To accomplish this pur- 
pose the Joint Committee on Electron Microstruc- 
tures of Steel was organized in 1948 and a program 
of investigation formulated, consisting of heat treat- 
of eutectoid steel and dividing 
these pieces into specimens which were supplied, 
together with a high-powe~ optical micrograph of 
of the cooperating laborato- 
In 1949 
became affiliated with Committee E4 on 
Metallography of the American Society for Testing 
Materials and in 1950 the first progress report of 
published. It is this report that I 
today because in my estimation it 
knowledge of the 


lurgical processes 


microscope 


causes 


rive at a degree of 


ing a seri of piece 


each structure, to each 


ries for study with the electron microscope 


this grouy 


this work was 
wish to review 
represents a contribution to our 
structures of steel 

Paraphi 
report, the 


asing the conclusion and summary of this 

work of this Committee demonstrates, 
first of all, that high fidelity electron micrographs 
of the structures of steel can be obtained by present- 
day replica techniques. This is evidenced particu- 
larly by the close similarity in appearance between 
light and electron micrographs of such structures 
spheroidized carbides which, be- 
relative coarseness, can be well re- 
solved with the optical microscope, 

Inasmuch as these 
faithful reproductions be 


as pearlite and 
cause of their 
see Fig. 15 

micrographs leave little doubt 
made by the 


that 
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replica technique of electron metallography, our 
confidence is greatly strengthened in the ability of 
the method to show us the true appearance of those 
structures that are too fine for adequate resolution 
with the optical microscope. Likewise, there should 
be little hesitancy in the use of electron micro- 
graphs for measurement of structural dimension, 
whenever such measurements are desired. 

Considering some of the fine structures of steel, 
we see in Fig. 16 that the structure resulting from 
the transformation of austenite in the vicinity of 
the nose of the isothermal transformation diagram, 
which for years we had inferred was finely lam- 
inated pearlite, is actually just that. 

It will not be possible to present all the micro- 
graphs contained in this report but it would be 
remiss to omit those that can teach us something. 
For example, the microstructure of bainite formed 
at 750°F, shown in Fig. 17, appears to have been 
completely resolved and found to consist of dis- 
creet, chunky cementite platelets, more or less ran- 
domly distributed and oriented in the ferrite matrix. 
The length of these platelets is estimated to vary 
between 600 and 1000A, with the larger size pre- 
dominating 

Fig. 18 indicates that the structure of bainite ob- 
tainec Ly isothermal! transformation at 500°F con- 
sists of ferrite bands containing cementite platelets 
in parallel array. 

No definite fine structure is identifiable in the 
needles of untempered martensite, as may be seen 
in Fig. 19, but the sharp definition of even very 
small areas of retained austenite suggests that the 
electron microscope would be of value in improving 
the accuracy of quantitative estimations of retained 
austenite 

While attention is focused on Fig. 19 exhibiting 
comparatively soft austenite in hard martensite, 
permit me a brief digression to point out that all 
these micrographs were obtained from surfaces 
polished as for optical metallography, yet, in spite 
of the high resolution and magnification of the 
electron microscope, no scratches or other imperfec- 
tions attributable to mechanical polishing are de- 
tectable. This is significant because it attests to the 
adequacy of the technique of polishing on which 
optical metallography has always depended. Like- 
wise, since our concept of the appearance of the 
structures of steel has been based on the use of 


TRANSACTIONS AIME 


Fig. 13—18-8 stainless steel. X100. a ‘left)—Polished mechanically. b (right) —Polished electrolytically. 


Fig. 14—18-8 stainless steel. a (upper left), b (upper right), and c (lower left) are false structures produced during mechanical 
polishing. d (lower right) is the true structure obtained by electrolytic polishing. X500. 


picral and nital as etching reagents, it is indeed 
fortunate that these solutions have been found 
equally satisfactory for electron metallography. 

The structure of martensite tempered at 400 °F, 
illustrated in Fig. 20, is of particular interest for 
two reasons; first, because it shows that the pre- 
cipitate responsible for the dark-etching character- 
istic of this structure is of such extreme fineness as 
to tax even the resolving power of the electron 
microscope, and second, because the areas of un- 
transformed retained austenite so clearly shown in 
the optical micrographs are not identifiable in the 
electron picture. 

Since, according to the isothermal transformation 
diagram for this steel, a considerable amount of the 
original retained austenite should remain untrans- 
formed after tempering 1 hr at 400°F, our inability 
to identify it in the electron micrograph can only 
be interpreted as a failure of the method to reveal 
clearly the true structure of the specimen. X-ray 
analysis shows that this specimen contains 9 pct of 
retained austenite. 

Likewise, the optical micrograph and X-ray anal- 
ysis of the specimen tempered 1 hr at 800°F, Fig. 21, 
indicates the disappearance of the last traces of re- 
tained austenite, which must have transformed iso- 
thermally to 800°F bainite during tempering, yet in 
the electron micrograph, martensite tempered at 
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800 F cannot be differentiated from bainite formed 
at the same temperature. 

In calling attention to the apparent failures of the 
electron microscope to reveal subtle differences in 
the structure of steel my only purpose has been to 
emphasize my opinion that further refinements of 
technique are necessary before the full potentialities 
of this instrument are realized. 


Microscopes 
The first step in the development of the modern 


metallurgical microscope dates back to 1872 in 
Vienna, when V. von Lang’ first fitted a microscope 
with a plain glass vertical illuminator in order to 
examine opaque objects. This was followed in 1897 
by Le Chatelier’s' design of an inverted instrument 
that made it possible, by merely placing the speci- 
men on the stage, polished surface down, to attain 
the necessary perpendicularity to the optical axis. 
By 1926 this design had been adopted by the leading 
manufacturers of microscopes, and inverted instru- 
ments equipped with plain glass vertical illuminat- 
ors had become standard equipment of the metal- 
lurgical 'aboratory. Numerous mechanical improve- 
ments and refinements, some of them marvelously 
ingenious, have been made in recent years and the 
versatility of the instrument has been increased 
many fold by the addition of several more or less 


AUGUST 1951, JOURNAL OF METALS—611 


7. <3 IN : 
7 ry 
a 
or 
3 


15—Pearlite 0.87 pct C steel transformed isothermally at 1300°F. a 
micrograph X15,000 


Fig. 16—Fine pearlite 0.87 pct C steel transformed isothermally at 1100°F. a ‘left)—Light micrograph X2500. b (right) —Elec- 
tron micrograph X15,000 


useful attachments and accessories. It is the merits 
of these supplementary accessories tt at I propose 
to discuss now 

The first of these, and in my estimation the most 
valuable, was so-called conical illumination in- 
vented by Harry S. George,’ then with the Union 
Carbide and Carbon Research Laboratories. The in- 
vention was made about 1922 but it was not in- 
corporated into metallurgical microscopes until 
after 1926. With this simple but effective device it 
became possible to cut off from the illuminating 
pencil of light the central, more or less parallel rays, 
and by utilizing only inclined rays, to illuminate 
the specimen obliquely, thereby creating highlights 
and shadows that reveal with stereoscopic realism 
the three dimensions always present in polished and 
etched metallic surfaces 

While the geometric exactitude of a micrograph 
made with axial illumination may be unimpeach- 
able, it is not a truly “natural” representation of the 
structure and sometimes it is not a satisfactory one 
An image or a micrograph lacking such gradations 
of light and shadow as are encountered in objects 
illuminated by oblique light is little more than a 
drawing of a two dimensional pattern, or a map of 
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the structure in which elevations and depressions 


are not dentifiable. Such representation of the 
structure is likely to be deficient technically as well 
as aesthetically, for in many structures significant 
detail is often not visible except when the highlights 
and shadows created by oblique lighting bring it 
out in relief. (See Figs. 22 and 23.) 

Unfortunately, the very virtue of conical illumina- 
tion by which it brings out hidden details and en- 
ables us to see the natural contours of a structure, 
discourages its use, for it also placed in bold relief 
polishing imperfections which the metallographer 
would rather not emphasize. But although micro- 
graphs made under conical illumination do not ap- 
pear in the metallurgical literature as frequently as 
they deserve, conical illumination is nevertheless 
the most nearly indispensable of the supplementary 
accessories, for the need of knowing whether a con- 
stituent is in relief or in intaglio arises during a 
metallographic examination more often than the 
need to examine the structure under polarized light, 
dark field illumination, or phase contrast 

In addition to conical illumination, the modern, 
up-to-date, metallurgical microscope is equipped 
for viewing the specimen under polarized light, 
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17—Bainite 0.87 pct C steel transformed isothermally at 750°F. a ‘left)—Light micrograph X2500. b (right)—Electron 
micrograph X15,000. 


Fig. 18—Bainite 0.87 pct C steel transformed isothermally at 500°F. a 


left!—Light micrograph X2500. b ‘right)—Electron 


micrograph, X 15,000 


dark field and phase contrast illumination. Each of 
these systems of illumination contributes from time 
to time valuable items of information and their 
place in the metallurgical microscope is justified, but 
to date their contributions to our knowledge of the 
structure of steel have been decidedly minor. 

Examination of unetched surfaces with reflected 
polarized light under crossed Nicols sometimes en- 
ables the metallographer to distinguish between in- 
clusions having isotropic and anisotropic properties, 
and these characteristics together with the color 
reflected through transparent inclusions from the 
metal-inclusion interface, sometimes helps in identi- 
fying the inclusion. The vitreous character of some 
globular nonmetallic inclusions has been shown by 
the appearance of a dark optical cross when ex- 
amined under crossed Nicols. Several investigators 
have made use of reflected polarized light in the 
identification of constituents, such as sigma phase in 
iron-chromium alloys; others to delineate grains in 
martensite, but these applications have been few 
and as yet the value of the method in the identifica- 
tion of constituents has not been proven. 

The contribution of dark field illumination has 
been primarily to enhance contrast when such en- 
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hancement was deemed desirable. This enables one 
to see clearly grain boundaries and other details of 
structures not readily visible under bright field il- 
lumination because of insufficient contrast. Pro- 
fessor Desch* finds it particularly useful in the ex- 
amination of deeply etched or pitted specimens, as 
when studying surface corrosion. He reports that, 
“pits which appear under vertical illumination 
merely as black spots may be examined in detail, 
the color or form of the corrosion product contained 
in them being clearly seen.” At low power, when 
the depth of field is considerable, it is very useful in 
examining unpolished surfaces, for it reveals the 
colors of the specimen with greater brilliancy and 
fidelity than with any other form of illumination. 


Phase Contrast 


Another optical accessory recently made available 
for incorporation into the metallurgical microscope 


is an attachment for illuminating the specimen 
under the conditions known as phase-contrast. The 
theory and graphic representation of this system of 
illumination is too involved for presentation in a 
paper of this type, but the following may give an 
idea of its potential usefulness to metallography 
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Fig. 19—Martensite and retained austenite 0.87 pct C steel water quenched. a ‘left)—Light micrograph X2500. b (right) —Elec 
tron micrograph X15,000 


The distribution of brightness throughout an im- 
age as we see it with an ordinary microscope de- 
pends on: 1—relative reflectivity of various parts 
of the structure, or 2—color differences, or 3—light 
scattered away from the objective by edges in the 
structure. It may be noted that it does not depend 
on differences in level at the surface of the speci- 
men. In other words, two parts of the structure at 
different levels, their color and reflectivity being 
equal, will appear equally bright. However, by 
means of the phase-contrast system of illumination 
differences in level, which produce differences in the 
phase of the light reflected from them, are con- 
verted into differences in brightness, and hence the 
term phase-contrast 

It is claimed’ that by this means it is possible to 
how differences in level of the order of 50A (ap- 
proximately 20 interatomic distances) and there is 
no question that for this purpose the method has 
“reat sensitivity, but as yet we do not know what 
use to make of the information supplied by this 
sensitive, ingenious method. It is also claimed that 
phase-contrast ensitive to differences in surface 
material, a claim that your speaker was unable to 
ubstantiate during his limited experience with this 


system of illumination. However, if this claim is 


found to be valid and incident phase-contrast can 
be employed to differentiate constituents which 
under ordinary illumination appear identical, then 
regardless of the usefulness of data pertaining to 
differences in level, the method will become a valued 
tool of metallography. 

The contribution of phase-contrast illumination 
to our knowledge of the structure of steel to date 
has not been significant, but the tool has been avail- 
able to metallographers for a short time and it 
would be premature to pass judgment on its even- 
tual merit towne 

A development in the manufacture of 
graphic lenses which in recent years has aroused 
considerable interest and which, when extended to 
microscope objectives and eyepieces, led to a marked 
improvement of the image, is the anti-reflection 
coating applied to glass-air interfaces in order to 
decrease internal reflections, or flare 

In a metallurgical microscope the objective acts 
first as condenser to illuminate a portion of the 
polished surface and then as a lens to form an image 
of the illuminated field: Thus the opportunity for 
reflections are double those of a microscope used 
with transmitted light, and consequently, excessive 


photo- 


Fig. 20—Tempered martensite 0.87 pct C steel quenched in water and tempered | hr at 400°F. a (left) —Light micrograph X2500 


b ‘right 


614—JOURNAL OF METALS. AUGUST 195! 


Electron micrograph X 15,000 
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Fig. 21—Tempered martensite 0.87 pct C steel quenched in water and tempered | hr at 800°F. a \left)—Light micrograph X2500. 
b (right!—Electron micrograph X15,000. 


internal reflections have been one of the most com- 
mon and serious defects of objectives designed for 
metallography. When the illumination is by trans- 
mitted light the unwanted reflection is in the direc- 
tion of the light source and can only reach the 
image after a second reflection, when its intensity 
is so low that its effect on the contrast of the image 
is negligible. On the other hand, when the illumina- 
tion is by reflected light, the undesirable internal 
reflection is in the direction of the image and of 
sufficient intensity to produce a decided veiling 
effect that impairs seriously the contrast of the 
image, particularly when the reflectivity of the 


specimen is low. 
To a very considerable extent this defect has been 


corrected by coating the objective and eyepiece 
with a transparent film whose thickness is approxi- 
mately one fourth of the wavelength of the incident 
light. When the film material is of the correct index 
of refraction, the light reflected from the glass-film 
and from the film-air interfaces interfere destruc- 
tively and only an inconsequential amount of light 
is then reflected from the surface. 

There is another aspect to the application cf anti- 
reflection coating to objectives and eyepieces of 
great interest to those of us who enjoy making the 


Fig. 22—Conical tion. A 1.2 pet C, 6.0 pct 
Mn steel quenched in brine from 2000°F. X500 
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best possible micrographs. Since in order to dis- 
close the finest and most delicate details it is neces- 
sary to etch lightly, the resulting contrast between 
the various constituents of the structure is so slight 
that we are forced to compensate by using photo- 
graphic plates or films of very high contrast. But 
since high contrast emulsions are necessarily of 
slow speed, we have to resort to a strong source of 
illumination, such as the carbon arc. This is un- 
desirable, for the carbon arc at its best is an unreli- 
able source of the steady, even illumination needed 
for micrography. The tungsten ribbon filament is 
definitely preferable, for it gives a steadier and more 
uniform illumination and is also more convenient to 
operate, but it cannot always be used, particularly 
at high magnification, because of insufficient in- 
tensity for micrography on slow, high contrast emul- 
sions. But the improvement in contrast brought 
about by coated optics is sufficiently great to permit 
the use of faster, lower contrast emulsions and this 
in turn allows the use of incandescent bulbs. Since 
the tone range of slow, high contrast emulsions is 
short, an improvement in tone gradations generally 
accompanies the use of faster, lower contrast emul- 
sions. 
Interference Filters 

Since not even the finest apochromatic objectives 
are fully corrected for all colors of the spectrum, it 
is necessary, if we are to avoid images blurred by 
residual aberrations, to suppress those wavelengths 
for which the objective is not corrected completely. 
For this purpose we employ light filters, mostly in 
the form of colored glass or gelatin sheets dyed and 
cemented between glass plates of adequate flatness. 
The yellow-green filter ordinarily used with achro- 
matic objectives, or the blue-violet often employed 
to increase the resolving power of apochromats are, 
in a general way, satisfactory for all but the most 
exacting metallographic work, but they fall short 
of performing their intended function ideally since 
the portion of the spectrum which they transmit is 
sufficiently wide to include wavelengths for which 
the objective is not corrected adequately. The ideal 
filter would be monochromatic, that is, one trans- 
mitting only a narrow range of wavelengths in the 
immediate vicinity of the dominant color. Close ap- 
proximations to such ideal filters are now available 
in the form of interference filters 

An interference filter of the 


transmission type 


AUGUST 1951, JOURNAL OF METALS—615 


Fig 


con 


fluc 


616 


films 
mented cover glass for protection. The 


and cover glass are not shown in Fig 
a rather oversimplified schematic representation of 
the 


path of a light ray through the 


taker 


reflecte 


peated 
tween 
of n 


25 


> o 


filter 


Fig. 23—Conical vs. axial illumination. Ferrite and martensite. a (left) —Axial b (right) —Conical. X1000 


sts of two semitransparent films of silver 
separated by one of magnesium fluoride, these three 
being deposited on a glass plate with a ce- 


» glass plate 
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Fig. 24—Path of light through transmission type imterterence 
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the silver films, and produces a great number 
rgent beams. Since the layer of 

half a wavelength thick and 
doubling back of the light ray forces it to 


magnesium 
since each 
travel twice 


made with an 


this distance, the successive emergent rays are pre- 
cisely one wavelength apart. When this condition Is 
fulfilled, maximum transmission of light of a particular 
wavelength occurs and light of other wavelengths is 
blocked. Consequently the color of the light produced 
will be determined by the thickness of the coating of 
magnesium fluoride. In short, the wavelength and, 
therefore, the color of the emergent light may be pre- 
cisely controlled; the production of any desired color 
thus becomes a matter merely of the choice of film 
thicknesses.” 

An example of the quality obtained with an inter- 
ference filter is shown in Fig. 25. 


Color Metallography 

Micrography in color is not a development of 
recent years but dates back probably to 1907 when 
the Lumiere Autochrome process was introduced 
commercially. Your speaker made micrographs in 
color of certain structures in aluminum alloys more 
than twenty-five years ago. Neither the exposure 
using a carbon arc nor the development of the plates 
presented any particular difficulty, and the resulting 
transparencies wer? pleasing to look at and accurate 
as to color rendition. Their main limitation was that 
when viewed magnified by projection, as in a lantern 
slide, the colored starch platelets which constituted 
the color filters of the process, could be seen simul- 
taneously with the image. This granularity reduced 
somewhat the definition of the finest details of the 
structure 

With the introduction in more recent years of 
color films having a high order of resolving power 
and comparative ease of development in the labora- 
tory, such as Eastman Kodak Ektachrome, or Ansco 
Color Film, there has been a rebirth of interest in 
color metallography and some interesting mucro- 
graphs appear in the literature from time to time 
There is no doubt that brilliantly colored subjects 
are reproduced more faithfully in color transparen- 
cies or prints than in black and white and in certain 
cases the added cost and difficulties inherent in 
color micrography are fully justified, but one must 
guard against the temptation of photographing in 
color for no reason other than making colorful 
pictures 

In the photographic reproduction of biological 
subjects where differential staining for purposes of 
identification is essential, and in metallography when 
color differences are significant, micrography in color 
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is of unquestionable value. However, in many ap- 
plications of ferrous metallography, where color dif- 
ferences other than variations in shades of gray are 
rare, its extended use can hardly be justified. If 
someday, paralleling the technique of the biologist, 
we learn to identify constituents or structures in 
steel by differential staining, then color metallo- 
graphy may become an indispensable tool of steel 
metallography. 
Photographic Materials 

The metallographer has always been fortunate in 
having at his command a wealth of photographic 
emulsions from which to choose one well suited to 
the contrast of his subject. Yet, from the beginning 
the tendency has been to use exclusively glass plates 
coated with emulsions of high contrast. For a high 
percentage of micrographs emulsions of high con- 
trast are the correct choice, although their exclusive 
use often results in unpleasant black and white re- 
productions devoid of half tones. But regardless of 
the type employed there is no valid reascn why an 
emulsion intended for metallography should be 
coated on glass rather than on film. We are told 
that the superior flatness of plate glass is desirable 
for micrography at high power, but actually, except 
in rare instances when it is desirable to make pre- 


cise measurements on the photographic negative, 
the flatness of films inserted in well-made sheaths 
is perfectly satisfactory at all magnifications. 

There are two distinct disadvantages to glass 
plates; they are liable to breakage and, because of 
their bulk and weight they require specially strong 
cabinets for filing and storage and much floor space 
One would gladly overlook these disadvantages if 
in some small measure they were compensated by 
some advantage in favor of glass plates, but in 
truth, glass as a supporting medium for emulsions 
specially compounded for metallography has no 
nerit to justify its continued use. The manufac- 
turers of photographic materials would render a 
distinct service to metallography if they would coat 
on film an orthochromatic emulsion of medium 
speed which could be developed to a wide range of 
contrast. Such film would not need to be extremely 
fine grained, since in optical metallography contact 
printing is the usual practice. 


Ultraviolet Microscopy 


The metallographer has long been interested in 
ultraviolet microscopy for two reasons; as a means 
of increasing resolving power and as a _ possible 
means of structural differentiation by differential 


Fig. 27—Ultraviolet microscopy. Fine pearlite and bainite, 950°F, 0.87 pct C steel. a (left) —/5460A. b ‘right)—/3650A. X2000. 
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Fig. 28— Ultraviolet microscopy. Bainite, 750°F, 0.87 pct C steel. a (left) —/5460A. b ‘right)—/3650A. X2000 


absorption. The first of these reasons is a reality, 
the second, a possibility not yet sufficiently explored 

According to Abbe’s well-known formula, the re- 
solving power of an objective is proportional to 
twice the numerical aperture (N.A.) and inversely 
proportional to the wavelength of the light used 
This means that resolution can be improved either 
by increasing the numerical aperture of the objec- 
tive or by decreasing the wavelength of the light 
used. The question of greatest interest to the metal- 
lographer is, which of these alternatives is prefer- 
able? In answering this question let us consider 
the extreme differences in numerical aperture exist- 
ing between electron and light microscopes. The 
numerical aperture of the magnetic lens of an 
electron microscope is of the order of 0.001, that is, 
about 1600 times smaller than that of a 16 NA 
monobromonapthalene immersion objective, which 
has the greatest aperture of all the objectives avail- 
able for metallography. On the other hand, the 
wavelength of the green light generally used in 
metallography is about 5500A as compared with 
0.05A for the electron radiation, that is, the electron 
microscope employs wavelengths more than 100,000 
times finer than those used in the lhght instrument 


In consequence of these great differences, micro- 
graphs made with the extremely small aperture of 
a magnetic lens are critically sharp and possess 
remarkable depth and flatness |f field even at the 
highest magnification of the e ectron instrument, 
while those made with a light microscope, because 
of the relatively wider aperture of glass objectives, 
are of shallow depth of field and except at low 
magnification, seldom in optimum focus outside of 
a small area in the center of the field. Sharp focus- 
ing with an electron microscope at any magnifica- 
tion within its range is no problem at all, but making 
a micrograph in good focus with a 1.6 N.A. objective 
using blue light at a magnification of 2500 diameters 
is an achievement, and in all candor, more a matter 
of good luck than of skill. 

The preceding comparison indicates the advan- 
tages of increasing resolution by employing illumi- 
nants of short wavelength rather than by resorting 
to objectives of higher numerical aperture. This 
question was raised because the need for choosing 
between objectives of high numerical aperture using 
visible light and. objectives of lower aperture using 
ultraviolet is a distinct possibility in the not too 
distant future. Even today the metallographer who 


Fig. 29—Ultraviolet microscopy. Tempered martensite, | hr at 800°F, 0.87 pet C steel. a (left) —/5460A. b (right) —/3650A. 
X2000. 
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wishes to resolve the finest detail possible with an 
ordinary metallurgical microscope has a choice of 
two objectives of approximately equal resolving 
power, one of numerical aperture 1.6 corrected for 
blue light of wavelength in the vicinity of 4500A 
and one of numerical aperture 1.3 corrected for 
ultraviolet light of 3650A. The theoretical limit of 
resolving power of both objectives is about 0.14 
microns. 

The ultraviolet objective referred to is not a re- 
cent development;" it was manufactured commer- 
cially by Bausch and Lomb Optical Co. about 1930, 
but for some unknown reason it was never used 
extensively in metallography. It was designed so 
that the green mercury line with wavelength 5460A 
and the ultraviolet of 3650A are simultaneously in 
focus. This makes it possible to focus with a green 
filter, substitute a filter with maximum transmission 
at 3650A and make the exposure. Since the ab- 
sorption of ultraviolet light of 3650A wavelength 
by glass is slight, no change from glass to quartz 
of any part of the optical system is necessary. How- 
ever, oil of sandalwood is preferable to cedar oil 
for the immersion medium because it absorbs less 
of this wavelength. 

The process is simple and the results are gratify- 
ing, as may be judged from Figs. 26 to 29 inclusive. 
I am unable to present to you a direct comparison 
of the same structures photographed with a 1.6 N.A. 
objective using visible light and with the 1.3 N.A. 
ultraviolet light of 3650A wavelength, but there is 
no doubt in my mind that the image of the ultra- 
violet objective is superior in resolution, flatness, 
depth of field and in freedom from flare. 

A convenient source of ultraviolet light is the 
high intensity mercury lamp, type H4, obtainable 
from General Electric Co. or in a housing for mi- 
crography from Bausch and Lomb Optical Co. The 
exposure for micrographs at 2000 diameters using 
Corning filter No. 5680, 5 mm thick, varies between 
5 and 15 min, depending on the speed of the photo- 
graphic emulsion and the reflectivity of the struc- 
ture. Since ultraviolet images tend to be low in 
contrast, high contrast emulsions such as Kodak 
Process Ortho, or the equivalent product of other 
manufacturers, are preferable. The resulting nega- 
tives possess sufficient contrast to print well on No. 1 
contact printing paper. 

Another possibility of a practical system of ultra- 
violet metallography exists in the application in 
this field of the reflecting objectives recently intro- 
duced for ultraviolet microscopy by transmitted 
light. These lenses have the very attractive prop- 
erty of being achromatic over a wide range of wave- 
lengths, including both visible and ultraviolet por- 
tions of the spectrum. They offer the possibility of 
attaining a resolving power equivalent to that of 
a refracting objective of numerical aperture 2.0 
without the very serious limitations that such an 
objective would have if it existed. Since they are 
achromatic for visible and invisible light, focusing 
for micrography with the shortest wavelengths in 
the ultraviolet would be no problem. Fig. 30 was 
made with a water immersion reflecting objective 
of numerical aperture 1.1, adapted experimentally 
for use by reflected incident light and loaned to 
your speaker by Bausch and Lomb Optical Co. This 
is possibly one of the first micrographs of a metallic 
specimen made with a reflecting objective. 

Since with these objectives it would be possible 
to photograph a structure with ultraviolet light of 
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Bainite. Micrograph made 
with a reflecting objective using ultraviolet light of 73650A. 
X2000. 


Fig. 30—Ultraviolet microscopy 


different wavelengths, they offer a means of in- 
vestigating the possibility of identification of struc- 
tures and constituents by selective absorption. 

However, these objectives are not yet available 
for use in metallography and therefore an appraisal 
of their contribution to the advancement of our 
science may have to wait until a future Howe lec- 
turer reviews the achievement of the next twenty- 
five years. 

Summary 

It may be said by way of recapitulation, that the 
progress achieved in the preceding quarter century 
in our understanding of the structures of steel was 
brought about by the following accomplishments: 

1—Elimination of disturbed metal from the sur- 
face of metallographic specimens. This enabled us 
to see the true configuration of the structures of 
steel. 

2—Development of the isothermal transformation 
liagram. This helped us to understand the struc- 
tures unveiled by the elimination of disturbed metal. 

3—Application of the electron microscope to the 
study of the structures of steel. This enabled us to 
see finer details than we have seen before and 
brought us closer to definitive resolution of the 
structures. 
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Arc Melting of 


Titanium Metal 


An automatic, continuous casting arc furnace employing a nonconsum- 


able electrode and a direct current arc has been constructed and operated 
successfully for titanium. A comparison of the properties of arc and induc- 
tion-melted titanium indicates that where high ductility, formability, and 


ECAUSE of the reactivity of titanium metal with 

all known refractories and the common atmos- 
pheric gases, melting of the metal presents numerous 
problems. It is necessary to provide an inert atmos- 
phere in the furnace as well as a crucible material 
that will not react with the molten metal, if a ductile 
ingot is to be produced. Two special furnaces have 
been developed that meet the requirements and one, 
the induction heated graphite furnace, has been de- 
scribed in some detail.’ Little information is avail- 
able for sizable units wherein power is applied to the 
melt through an arc, and the dearth of technical in- 
formation on such a furnace prompted this report 
It has been demonstrated clearly that are melting 
produces titanium metal with superior toughness, 
ductility, and formability. To produce titanium in- 
gots with these properties, an automatic, continuous 
casting are furnace has been developed and is de- 
scribed herein 
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toughness are required, arc-melted metal is preferable. 


The history of arc melting may be traced to 1800, 
when Sir Humphrey Davy’ first experimented with 
Volta’s electric battery and found that light could be 
produced and an are formed between two carbon 
points attached to the cell. The discovery of the arc 
was followed by the design and construction of an 
are furnace by Napier, in 1845, for the reduction of 
metal oxides. In 1853, Pichou' described a similar 
furnace, although it was not until the discovery of 
the dynamo in 1867 that the arc furnace could achieve 
commercial significance. In 1878, Siemens’ designed 
the first are furnace intended for the melting of 
metals and by 1882 had melted steel and platinum 
successfully 

This was followed by Moissan’s* classical work 
with the are furnace in 1892. W. von Bolton,’ in 1905, 
found that the are furnace was suited admirably for 
melting refractory metals. In his work with tan- 
talum, no suitable refractories for retaining the 
molten metal were found to exist. Together with 
Otto Simpson, he developed an are furnace with a 
water-cooled copper crucible in which tantalum 
could be melted without contamination. This tech- 
nique proved eminently successful 

In his paper on the preparation of ductile tita- 
nium, Kroll’ first described an application of the 
von Bolton furnace to the melting of this metal. The 
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Kroll furnace utilized an electric arc, a tungsten 
electrode, a water-cooled copper crucible, and an 
argon atmosphere to prevent melt contamination. 

The basic principles developed by von Bolton have 
been applied with increasing frequency in recent 
years for melting refractory and highly reactive 
metals on a laboratory and commercial scale. Parke 
and Ham’ described a very interesting furnace for 
are melting molybdenum, and Eastwood, Simmons, 
et al.” employed the arc furnace in their preparation 
and study of titanium alloys. 


Furnace Development 


In the development of an are furnace for melting 
titanium, a manually operated pilot model was con- 
structed first. From this unit, techniques for feed- 
ing titanium sponge, characteristics of inert atmos- 
pheres, and the consumption rates of various types 
of electrode materials were determined. It was found 
that crushed titanium sponge could be fed at a con- 
trollable rate to the furnace chamber by means of 
a vibratory feeder either continuously or at desired 
intervals. An atmosphere of argon or helium proved 
to be satisfactory for manual as well as automatic 
melting procedures. 

The choice of electrode materials narrowed rapidly 
to tungsten and graphite. Electrode consumption 
was held at a minimum by making the electrode 
the cathode of a direct current are. Other effects 
such as spatter from the melt played an important 
part in electrode consumption. Tungsten was eroded 
severely by titanium, which attacked the electrode 
material intergranularly. One or more grains of 
tungsten would drop from the electrode into the 
melt, settling to the bottom of the molten pool with- 
out alloying completely with the melt. This observa- 
tion had been noted previously by workers at 
Battelle Memorial Institute." The basic physical 
properties of the matrix metal were not affected 
seriously by the presence of these tungsten particles, 
although surface blemishes appeared when the 
material was rolled. Graphite proved to be a very 
satisfactory electrode material, and by the use of 
very dense grades, carbon contamination was held to 
about 0.2 pet. 

During initial runs of the manually operated fur- 
nace, it was found that the ingot could be removed 
continuously at the same rate as sponge was melted 
in the furnace. Operating at a slight positive internal 
pressure, it was possible to maintain an effective seal 
between the ingot and the crucible wall. If a leak 
occurred, the inert atmosphere bleeding outward 
prevented the ingress of air. 


Construction 

With the above data available, the furnace illus- 
trated in Fig. 1 was designed and constructed. The 
furnace proper is entirely water-jacketed, including 
the crucible, furnace neck, furnace head, and elec- 
trode assembly. An auxiliary pump circulates water 
through the system, the major portion of which is 
recycled. The ingot, 5°4 in. in diam, may be cast 
continuously by retracting it at a uniform rate by 
means of a hydraulic ram. Because of the desira- 
bility of having a rugged crucible that could stand 
constant use without frequent replacement, thin- 
walled copper crucible sleeves were replaced with 
extra heavy sleeves of copper pipe. This latter type 
of crucible has proved very satisfactory. 

The electrode mechanism of the furnace is com- 
posed of a long copper shaft that projects from the 
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Fig. 1—This schematic diagram of the auto- 

matic arc melting, continuous casting furnace 

shows essential furnace and control details and 

the manner in which the ingot is withdrawn 
from the unit. 


top of the furnace through the head to the ingot 
surface. This shaft, rotated by a motor mounted 
on the electrode support, revolves an offset electrode 
holder and permits the electrode to cover the surface 
of the molten pool. Any variation in the potential 
across the arc actuates the racking motor which 
automatically raises or lowers the ¢lectrode to re- 
gain the desired operating voltage. By such a tech- 
nique, constant power input to the melt is main- 
tained. 

A cam is mounted on the rotating electrode shaft 
and actuates the vibratory feeder. It has been found 
advisable to feed in short bursts rather than con- 
tinuously at a low feed rate, since the rate of sponge 
addition can be controlled more accurately at higher 
feed rates. This type of operation permits automatic 
and uniform additions of melt metal and eliminates 
variations inherent with manual feeding. This par- 
ticular furnace can feed crushed sponge varying in 
size from an average diameter of %4 in. to 12 mesh. 
The size of feed is limited only by the electrode off- 
set and the feeder trough. Sponge of larger size un- 
doubtedly could be handled in a modified furnace, 
although the limiting size at the present power level 
has not been fully determined. 

Operation and Scope 

The typical melting cycle is carried out in the 
following manner. A stub ingot is secured into the 
ingot retractor and raised into the crucible cavity, 
and a charge of sponge is loaded into the feed hopper. 
Mastic material is employed to seal the space be- 
tween the ingot and the crucible, thus permitting 
evacuation of the system. After several flushings 
with an inert gas, the atmosphere finally is admitted 
until a slight positive pressure is obtained. At this 
point, the generators are started, and the melt switch 
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Fig. 2—Titanium ingots up to about 60 in. are 
continuously cast from the furnace 


The electrode, based upon a pre-set vol- 
is lowered automatically to strike an arc. After 
is struck, the electrode rises until the desired 
The electrode. driven »y the 
rotate and move the are over 


thrown in 
tage, 
the arc 
potential is attained 
rotor motor, begins t 
the ingot surface 
When the surface of the 
ten, the feeder switch is turned on and in each rota- 
is fed into the crucible 


stub ingot becomes mol- 
tion of the electrode, sponge 

As soon as the feed is started, the ingot retractor 
is set in motion, and the speed of ingot withdrawal 


is adjusted to conform to the rate of sponge feed 
After these manipulations are carried out by the 
furnace operator, no further work is required of 
him, except to check the furnace controls. Should 


the are be broken for any reason, the control mecha- 
nism automatically restrikes the are. Thus after the 
furnace is started, the melt is carried out completely 
automatically 

Commercially pure sponge can be melted at a rate 
of 0.6 to 1.0 lb per min with a power input of 64 to 
100 kw. Alloys can be melted at an even higher rate, 
provided that they have a lower melting point than 
pure titanium 

The furnace operation is believed safe. Should the 
crucible be burned through for any reason, the pres- 
sure developed by the steam generated would break 
either the large rupture disk in the feed hopper or 
in the furnace head. At the same time, the vapor 
formed would extinguish the are and open the elec- 


trical circuit 
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Two furnaces of this type are now in operation. 
They have demonstrated the feasibility of this basic 
design and are paving the way for large-scale auto- 
matic, continuous casting furnaces. In addition to 
casting titanium, this type of furnace could be em- 
ployed for other metals whose reactivity requires the 
use of an inert atmosphere and a chemically inert 
crucible 

Alloys of titanium as well as pure titanium can be 
melted in this furnace. Sponge of relatively uniform 
particle size usually is tumbled with the powdered 
alloying elements in an inert atmosphere. After 
blending, the alloying powders fill the interstices of 
the sponge and leave little if any residual powder 
in the blender. If metal powders are not used, the 
alloying metals should be screened to a relatively 
uniform size before blending with the sponge. This 
method has been used successfully for a variety of 
A continuously cast ingot 4 ft 5 in. in length 
on the diameter is 


alloys 
and scalped to a depth of '4 in 
shown in Fig. 2 

Although this 
marily to an are furnace of the nonconsumable elec- 
trode type, it has been shown to be feasible to melt 
The basic fur- 


discussion has been limited pri- 


titanium as a consumable electrode 
nace described herein need be modified only slightly 
to accomplish this end 


Characteristics of Ingots 


If arc-melted ingots are allowed to cool to room 
temperature before being removed from the furnace, 


Fig. 3—This shows the top of a typical ingot produced by 


arc melting. It is in the as-cast condition, enlarged 2X. This 
ingot is actually 534 in. diam, but a reduction in size was 
necessary to reproduce the photograph 
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the top of the ingot appears as a bright, shiny surface 
with the grain boundaries clearly delineated. The 
top of a typical ingot is shown in Fig. 3. When a hot 
ingot is removed from the furnace, a thin oxide film 
is formed on the entire ingot surface. The oxide film 
formed on continuously cast ingots is very thin and 
is not considered objectionable. For this reason, and 
the fact that all subsequent hot-working of the ingot 
is done in air, no effort has been made to prevent 
oxide film formation during the continuous casting 
operation. The side of the ingot presents a slightly 
rippled surface, Fig. 4. This ingot was furnace-cooled 
and presents a bright metallic surface. To produce 
a void-free surface, it usually is necessary to remove 
Any minor voids 
which then appear at the surface can be removed 
readily by surface grinding. After the above opera- 
tions, the ingot is ready for forging. 

Although Fig. 3 indicates that the grains might 
possibly be equiaxed and of relatively uniform size, 
such is not the case. Several ingots have been cross- 
sectioned to determine the longitudinal grain con- 
figuration. These ingots, as typified by the ingot 
shown in Fig. 5, have long grains growing from the 
bottom of the ingot toward the top. Grains up to 10 
in. long have been noted. Small, preferentially 
oriented grains are found at the mold surfaces. In 
of arc-melted material is 


from 's to '4 in. on the diameter. 


general, the structure 
typical of that obtained in chill-case ingots. The 
ingots as-cast are usually sound and free from ex- 
tensive porosity. It has been found that internal 
pores which may occur in are-melted ingots seal 
up readily when the ingot is forged, while external 
defects usually result in cracking. 


Fig. 4—The surface of an as-cast ingot is relatively in good 
condition, as shown in this 1'2 diam enlargement. 
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Fig. 5—An as-cast arc-melted ingot etched with HF-HNO, 
shows columnar grain structure. X3. 


Despite the fact that the feed metal is contami- 
nated to the extent of about 0.2 pct by the graphite 
electrode employed during melting, this is virtually 
the only contaminant added to the melt. In batch 
melting, a static sealed inert atmosphere is em- 
ployed which, if gettered by passing over hot titani- 
um sponge, will reduce the contamination by oxygen 
and nitrogen to trace amounts. In continuous casting, 
nitrogen contamination can be held at virtually the 
same level if gettered gas is employed, since the rate 
of flow of helium required to maintain a slight posi- 
tive pressure in the furnace is only of the order of 
0.5 cfm. With the exception of an are furnace em- 


Fig. 6—This section of arc-melted titanium sheet, etched with HF- 
HNO, and enlarged 250X, shows grain structure of rolled material. 
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0.2 Pet Offset 


Yield Ultimate 
Strength, Strength, 
psi psi 


Arc-melted titanium 
Forged bar 
Regular annealed sheet“ 
High purity annealed sheet'* 


90 000-95 
80 000-90 
65,000 


80000-85000 
70,000-80,000 
55,000 


Induction-melted titanium 
Forged bar 
Annealed sheet 


80 000-85 


80 000-85 90 000-95 


Are-melted todide titanium 


Annealed sheet'* 22.000 46.000 


Charpy V-notch impact strengths 
Testing temperature 


18 ft-lb 
9 ft-lb 


Arc-melted titaniun 
Induction-melted titaniun 


ploying a consumable titanium electrode, the non- 
consumable electrode technique produces titanium 
ingots of the highest purity 


Properties of Arc-Melted Titanium 


The physical properties of arc-melted titanium of 
commercial purity are intermediate between those 
of high purity titanium made by the iodide process 
and induction-melted metal. Arc-melted titanium 
shows much higher strength than iodide titanium 
and can be rolled readily to thin sheets that can be 
fabricated by standard techniques. While induction- 
melted titanium containing 0.4 pet C and above has 
slightly higher strength, sheet rolled from this 
material shows lower formability and requires larger 
bend radii. In addition, the toughness of induction- 
melted material, as indicated by Charpy V-notch 
impact tests, is only half that of arc-melted titanium 
A tabulation of typical physical properties of arc- 
melted, induction-melted, and iedide titanium is 
presented in Table Il. The microstructure of sheet 
rolled from arce-melted titanium is typified by that 
shown in Fig. 6 

The microstructure of annealed, arc-melted tita- 
nium sheet shows a matrix of irregularly shaped 
grains of @ titanium. Carbides usually are present 
in relief because of their high hardness. There are 
also a number of small dark etching particles which 
seem quite numerous for a metal with less than 1 pct 
of impurities. The exact nature of these dark etch- 
ing particles has not been determined 

Arc-melted titanium is preferred for the produc- 
tion of sheet metal as the higher purity results in 
material with greater ductility and formability. An- 
nealed sheet with an 0.2 pct offset yield strength of 
80,000 psi can be bent around a mandrel with a 
radius that is only double the sheet thickness. The 
ductility of titanium is restricted by its hexagonal 
structure, and at room temperature titanium de- 
forms by slip along the basal planes of the crystals. 
The additional work performed during rolling, as 
compared to a bar that is only forged, seems to im- 
prove the ductility of the finished sheet. 

Impact tests of arc-melted titanium show breaking 
strengths almost double those for induction-melted 
metal. Values listed in Table I were for small in- 
gots forged to ‘2 in. square bars 


From the data presented in Table I, it may be seen 
clearly that arc-melted titanium has higher form- 
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Table |—Typical Physical Properties of Arc Melted, Induction Melted, and lodide Titanium 


90 000-100 ,000 


Room temperature 


Elongation Reduction (Times Vickers 
in 2 In., of Area, Thickness Hardness 
Pet Pet of Metal) Number 


15-25 30 200-250 
15-20 55 2-2.5 200-250 
25 60 1.5-2.0 170-200 


10-15 20 225-27 
10-20 225-2 


500°F 


60 ft-lb 
35 ft-lb 


ability and toughness than induction-melted metal 
containing carbon above 0.4 pct. For end uses where 
these properties are required, it will be necessary 
to melt sponge titanium by are melting or similar 
techniques, hence, the need for developing arc-melt- 
ing know-how. 

Summary 


An automatic, continuous casting arc furnace em- 
ploying a direct current are has been constructed 
and operated successfully. While designed specifi- 
cally for melting and casting titanium it can be em- 
ployed for melting other reactive metals. Compara- 
tive properties of arc and induction-melted titanium 
indicate that where high ductility and formability 
and toughness are required, arc-melted material is 
preferable. 
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WDER metallurgical methods as applied to zir- 

conium are of great interest because they permit 
not only the fabrication of parts directly to shape 
with a minimum loss of material but also the utiliza- 
tion of scrap, and the metal may be processed at 
temperatures well below the melting point. There 
are two difficulties involved in the melting of zir- 
conium: 1—High vacuum is necessary for melting, 
and 2—zirconium reduces nearly all oxides so that 
it is difficult to find a suitable crucible material. The 
purest material, zirconium crystal bar, is expensive, 
and the methods of subsequent fabrication are 
limited. Cold rolling or extrusion of zirconium crystal 
bar is suitable for making certain shaped parts, but 
where melting is involved, the purity of the metal 
is invariably decreased, and a method of casting to 
a definite shape does not seem to be feasible. 

Where it is necessary to hot roll, zirconium must 
be covered with a steel or copper jacket to protect 
it from the air. This is necessarily a costly operation. 
Where annealing of zirconium is necessary it must 
be conducted in a high vacuum. 
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Powder Metallurgy 


Zirconium 


swell P. Angier 


In an investigation of powder metallurgical meth- 
ods for zirconium, the zirconium powder used should 
be characterized by the following properties: 1— 
Highest degree of purity, 2—uniformity in particle 
shape and particle size distribution, 3—low com- 
pression ratio, and 4—satisfactory strength of the 
compacted powder (green strength). Zirconium 
powders have been made by two methods: By the 
reduction of zirconium tetrachloride (ZrCl,) with 
sodium,* * ° and by the reduction of zirconium oxide 
with calcium and calcium chloride.’ The first method 
represents one of the earliest attempts to make pure 
zirconium metal, and the sintered product from this 
powder is extremely brittle. The second method of 
making zirconium powder is far more successful, but 
the powder made in this way has an extremely low 
apparent density and, therefore, a high compression 
ratio which makes it difficult to use it for powder 
metallurgical purposes. For these reasons the above- 
mentioned zirconium powders were not used in this 
investigation. To obtain sintered zirconium compacts 
of highest purity and good ductility, it was first 
necessary to produce a suitable powder. 

Pure zirconium has been made chiefly by two 
methods. The iodide method, from which the product 
is “erystal bar” zirconium, was developed first.'* By 
this purification process very soft, pure, and ductile 
zirconium metal can be produced. The second method, 
developed by the U. S. Bureau of Mines, is the re- 
duction of zirconium chloride with magnesium." The 
sponge zirconium thus produced is also soft, pure, 
and ductile. 
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Compocting Pressure tsi 


Fig. |1—Effect of compacting pressure on the pressed 
density of compacted zirconium and zirconium hydride 
powders 


There are, however, several distinct differences 
between zirconium produced by these two methods 
The sponge metal must be melted and cast to make 
it suitable for subsequent fabrication, while the 
crystal bar can be directly rolled or extruded to the 
desired shape. Both methods yield metal with about 
0.5 to 3.0 wt pet hafnium. The melted and cast sponge 
contains appreciable carbon, about 0.1 wt pct, and 
perhaps more oxygen and nitrogen than the crystal 
bar, but it is equally as pure in respect to other 
elements. Zirconium made from Bureau of Mines 
sponge is harder, somewhat lower in ductility, and 
higher in tensile strength than the crystal bar 
product. These differences may be attributed chiefly 
to the higher oxygen and carbon content of the zir- 
conium sponge product, although it-is not clear what 
role the carbon plays in affecting physical properties 
In order to investigate the powder metallurgy of 
zirconium, powders made from zirconium crystal bar 


were used 
Powder Preparation 


Processing: Zirconium crystal bar is too ductile at 
room temperature and even at very low tempera- 
tures, such as that of liquid nitrogen, to be com- 
minuted by mechanical methods. Zirconium, how- 
ever, forms a hydride that is brittle enough to be 
comminuted mechanically, and the hydride powder 
then can be readily decomposed in vacuum. There- 
fore, the hydride method was chosen for the prep- 
aration of the powder 

Zirconium hydride forms in the temperature range 
from about 235° to 800°C." The absorption of hy- 
drogen, whether it goes into solid solution or forms 
the hydride or both, is most rapid at about 400°C 
At this temperature, face-centered tetragonal ZrH 
forms. Above this temperature ZrH, is no longer 
stable, and hydrogen will be given off, if the sample 
has been previously heated at 400°C until it has 
taken up enough hydrogen to form ZrH,. At about 
800°C the face-centered cubic ZrH forms and can 
be retained if quenched to room temperature or 
cooled from this temperature in an inert gas or 
vacuum. If the ZrH is cooled slowly in hydrogen the 
formation of ZrH, will again occur in the vicinity of 


626—JOURNAL OF METALS, AUGUST 1951 


400 C. Above 800°C hydrogen is given off until, at 
the transformation temperature of 862°C, there is a 
sudden absorption of hydrogen. Above this tempera- 
ture hydrogen would again be given off. The mech- 
anism of the formation of ZrH,., ZrH, and the solid 
solution of hydrogen in « and § Zr is described in 
the literature.” 

Zirconium hydride was made at 400° and 800°C 
for subsequent processing. The zirconium hydride 
made at 400°C was primarily ZrH,. At 800°C, ZrH 
formed, but furnace cooling in hydrogen permitted 
the formation of ZrH, to occur. X-ray analysis re- 
vealed that the product of the 800°C treatment was 
a mixture of ZrH and ZrH., but contained a larger 
proportion of ZrH,. Subsequent to the hydriding 
process, the friable hydride pieces are ground by 
hand in a steel mortar with a steel pestle or in a 
hammer mill to the desired size. Both hydrides are 
so friable that they can be ground easily to pass a 
400 mesh screen (0.037 mm) if that is desired. The 
product of the 400°C treatment appeared to be more 
friable, but it took somewhat more grinding to make 
it fine enough to pass through a 325 mesh screen 

The zirconium metal powder can be prepared by 
vacuum decomposition of a powdered charge of 
either of the hydrides, ZrH, or ZrH. The decomposi- 
tion occurs by heating the hydride up to a tempera- 
ture of 800°C or above in a vacuum of 0.05 micron 
or better. During the heating operation of the cycle, 
the pressure of hydrogen in the vacuum system rises 
to more than 25 microns and then diminishes rapidly 
to its initial value after being heated for a certain 
time (depending upon the amount of the charge) at 
800°C or above. The slow rate of heating, the fast 
pumping speed, and the temperature of approxi- 
mately 800°C are considered critical to the removal 
of hydrogen to a few hundredths of a percent and 
the obtaining of a loosely sintered cake of zirconium 
that can be easily ground to a powder 

The particle size distribution, densities, and ap- 
parent densities of the powders obtained by these 
methods are shown in Table I. Zirconium hydride 
pulverizes more easily than the zirconium obtained 
by the decomposition of the hydride and, therefore, 
contains a larger amount of fine particles. Both 
powders, zirconium hydride as well as zirconium, 
contain traces of Al, Ca, Cu, Fe, Mg, Mn, and Si of 


Table i. Particle Size Distribution, Density, and Apparent Density 


of Zirconium Hydride and Zirconium Powder 


Zr Powder 
Particle Size Zr, Powder, Made from ZrH», 
Microns Run No. 33 Run No. 33 
0-1 10.2 5 
1-2 10.3 8 
2-3 13.3 0 
3-4 19.0 3 
4-5 8.3 8 
5-6 5.0 54 
6-8 54 
8-10 1.8 5 
10-12 11 
12-14 1.3 6 
14-16 15 5.5 
16-20 1.8 8.0 
20-30 we 15.4 
10-44 10.5 19.4 
44 2.3 8.9 
Photolometri« 
average size 
microns 10.3 20.0 
Particle density, 
@ per cc 5.72 6.59 
Apparent density 
g per cc 22 2.0 
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practically the same amount as found in the zir- 
conium crystal bar from which the hydride was 
made. Chemical analysis revealed the presence of 
gaseous impurities, i. e. 0.2 to 0.4 pet O and 0.01 to 
0.015 pet N. There was very little difference in the 
particle shape of the three kinds of powders, ZrH, 
ZrH,, and Zr. All particles were of angular shape, 
similar to most particles obtained by crushing. 

Equipment: The equipment for the preparation of 
the hydride comprises a quartz tube electric furnace 
and a hydrogen purification train. Formation of zir- 
conium hydride requires the use of highly purified 
hydrogen, if the purity of the powder is to be main- 
tained. Tank hydrogen which is reported to contain 
0.2 pet O and no other appreciable impurities, was 
passed over copper turnings at 600°C to catalyze 
the reaction between hydrogen and oxygen to form 
water. The water was removed by activated alumina 
(Lectrodryer). A furnace, containing calcium turn- 
ings at 700°C, was used to remove the last traces of 
oxygen, nitrogen, and water. This purified hydrogen 
was permitted to flow over the zirconium crystal bar 
during the entire processing of the zirconium hy- 
dride, including the heating and cooling cycles. The 
charge was maintained at a temperature of 400° or 
800°C for 1 to 20 hr, depending on the amount of 
zirconium, and the furnace was cooled in the hy- 
drogen flow. 

The vacuum furnace (globar type) used for the 
decomposition of the hydride powder to zirconium 
powder contains a sillimanite furnace tube and com- 
prises a compound model CVD Kinney pump and a 
Distillation Products MC-500 metal diffusion pump. 


Processing Methods 


Compacting of Zirconium and Zirconium Hydride 
Powders: Both zirconium powder and zirconium hy- 
dride powder can be compacted without the use of 
a binder. The powders flow easily and the filling of 
the compacting die can be done without any difficul- 
ties. The powder within the die cavity is levelled as 
easily as any conventional commercial metal powder. 

The compression ratio is defined as the ratio of 
the volume of a loose powder to the volume of the 
compact after application of a specified pressure. 
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Fig. 2—Green strength of compacted —200 mesh zirconium 
and zirconium hydride powders. 
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Fig. 3—Effect of BeO on zirconium at sintering tem- 
peratures. Microstructure of the interior of a zirconium 
bar packed in BeO powder and heated 4 hr at 1250°C 
in high vacuum. Polarized light. X250. Area reduced 
approximately 50 pct for reproduction. 


This ratio is low for both powders, as mentioned 
above. When conventional pressures of 40 to 50 tons 
per sq in. (tsi) are applied, the compression ratio 
ranges between 2:1 to 2.5:1. Inasmuch as the com- 
pression ratio determines the height of the compact- 
ing die, the low compression ratio of zirconium and 
zirconium hydride powders is very favorable for the 
die design. 

Fig. 1 shows the effect of the compacting pressure 
on the density of the compacts made from zirconium 
hydride and zirconium powder. The powders were 
pressed in a single-action die of *sx2 in. die cavity 
at pressures varying from 20 to 90 tsi. Higher den- 
sities of the compacts may be obtained by using 
double-action dies or by pressing samples with a 
more favorable ratio between pressing area and die- 
wall area. The application of 100 tsi compacting 
pressure resulted in slightly higher density, but some 
of the compacts, pressed at 100 tsi, showed indica- 
tions of lamination. 

To determine the relative green strength of this 
compacted material, zirconium powder, zirconium 
hydride powder, and a mixture of 50 pct zirconium 
and 50 pct zirconium hydride powders were pressed 
at 30 and 70 tsi. Three samples of each type of ap- 
proximately 'sx%sx2 in. were compacted at each 
pressure in the above described rectangular, single- 
action die. The compacts were placed on semi-knife 
edge supports which were 1 in. apart and loaded 
transversely with a dead load suspended from a 
semi-knife edge. The load was increased constantly 
until the sample broke. The differences in modulus 
of rupture between samples of the same material 
compacted at the same pressure correlated the slight 
differences in density that occurred from sample to 
sample. The data are presented in Fig. 2. There is 
probably some deviation from a straight line par- 
ticularly at higher pressures, but for the present 
correlation it seems adequate to present the data as 
shown. The green strength of compacted zirconium 
is approximately twice as high as the green strength 
of zirconium hydride compacts. The addition of zir- 
conium powder to zirconium hydride powder in- 
creases the green strength of compacts made there- 
from. 

If the pressed compact were the ultimate product, 
zirconium powder would be clearly a more suitable 
material than zirconium hydride. It will be shown 
later, however, that to produce a sintered material 
of good density, zirconium hydride can be compacted 
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Fig. 4—Effect of compacting pressure on the sintered density 
of pressed and sintered zirconium and zirconium hydride 
powders, sintered in high vacua 


at even lower pressures than zirconium powder. In 
addition, many large thin briquettes, approximately 
'sx2x13 in., of zirconium hydride have been pressed 
at pressures as low as 15 tsi without a single loss by 
breakage 

Sintering of Zirconium and Zirconium Hydride 
The extreme affinity of zirconium for oxygen and 
nitrogen’ makes it necessary to sinter in either a 
very pure inert gas or in a high vacuum. Compacted 
zirconium powder was sintered in purified argon 
Even though the tank argon was purified by hot 
turnings, a Lectrodryer, drying towers of 
phosphorous pentoxide and magnesium perchlorate, 
and hot uranium turnings, it was not pure enough 
for the sintering of zirconium. The last traces of 
nitrogen could not be removed completely from the 
argon by the hot uranium turnings, and the zir- 
conium invariably picked up excessive nitrogen 
Sintering in vacuum of the order of 5x10° mm Hg 
or better was carried out successfully at tempera- 
tures of 1300°C or less without any noticeable in- 


copper 


Fig. 5—Interface between zirconium and zirconium hydride. Zirconium hydride powder ‘shown after sintering on the bottom) placed 


crease in oxygen or nitrogen content. Vacuum sinter- 
ing was also advantageous because compacted zir- 
conium hydride powder could be sintered directly, 
decomposition occurring concurrently with sintering, 
thereby eliminating a step in the process. When com- 
pacted zirconium hydride powder was sintered in 
purified argon, the residual hydrogen content was 
always high, but vacuum sintering reduced the hy- 
drogen content to that of the original crystal bar. 

When a compact of zirconium hydride powder is 
heated in vacuum above 400°C, an appreciable de- 
composition of the hydride occurs that is closely re- 
lated with a considerable increase of the mobility of 
the metallic atoms. The degree of mobility of the 
metallic atoms at the temperature of the decomposi- 
tion corresponds to far higher temperatures than 
those at which the decomposition actually takes 
place. When the hydride is destroyed, the metallic 
atoms are at a certain state of unstability that leads 
to their increased mobility. Because of the high de- 
gree of mobility, the metal atoms will migrate until 
they have found positions corresponding to a min- 
imum of free energy. This process causes a faster 
rate in sintering of the compacts made from zir- 
conium hydride powder compared to the sintering 
rate of compacts made from metal powder 

In sintering it is frequently desirable to pack the 
compacts in a refractory powder in order to have 
samples of all shapes readily supported and sepa- 
rated during sintering. To investigate the possible 
use of a packing material, pieces of zirconium crystal 
bar were packed in different refractory oxides and 
heated to the sintering temperature of 1250°C in 
vacuum for 2 hr. X-ray analysis revealed that dur- 
ing sintering the zirconium reduced BeO, SiO., and 
ZrO, and became contaminated with oxygen and Be 
or Si. Fig. 3 shows the extent to which zirconium 
reacted with BeO. The interior of the crystal bar 
after being heated in BeO powder revealed the 
typical Zr-Be eutectic structure, as described pre- 
viously,’ characteristic of about 2 to 5 wt pct Be. 
Melting was, of course, evident in this sample by 
the appearance after the 1250°C treatment. The use 
of a packing medium of refractory was abandoned 
because it was expected that even if no reaction 
occurred the out-gassing of the refractory powder 
surrounding the zirconium would increase the gas 
content during sintering 

Stabilized zirconium oxide boats and slabs were 
used with some success for sintering since the con- 
tact with the refractory was not so intimate that 
much reduction of the ZrO, could occur. Even so, the 


in the die and pressed at 7 tsi. Zirconium powder ‘shown on top! added and the entire compact was pressed at 50 tsi. Sintered as 
indicated in high vacuum. a (left)—Sintered 2 hr at 1190°C. Bright field. b ‘center! —Sintered 2 hr at 1190°C. Polarized light 
¢ (right! —Same sample as b. Resintered 2 hr at 1300°C. Polarized light. X100. Area reduced approximately 50 pct for reproduc- 
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reduction of the ZrO. was a possible source of oxy- 
gen pickup, and the difficulty in obtaining large boats 
of stabilized zirconium oxide prompted a search for 
a better container for sintering. 

It was found that samples in intimate contact with 
graphite did not pick up carbon. Graphite adhered 
to small areas of the resting surface of the sample, 
but the carbon penetration was never more than a 
few mils even after sintering at 1390°C. Samples 
sintered in a covered graphite boat and separated 
by graphite slabs had bright, shiny surfaces. Pieces 
of zirconium crystal bar revealed no oxygen or ni- 
trogen pickup after being heated in these graphite 
boats for as long as 10 hr at 1260°C in a vacuum of 
about 2x10° mm. The excellent surface appearance, 
freedom from contamination, and ease of prepara- 
tion of graphite boats and slabs of any size made the 
use of covered graphite boats the most desirable con- 
tainer for sintering zirconium. 

In the discussion of the properties of sintered zir- 
conium and other information on the powder metal- 
lurgy of zirconium, the powder used for compacting 
and sintering is zirconium hydride. It is essential, 
then, that the relative merits of pressed and sintered 
zirconium powder and zirconium hydride powder be 
discussed before eliminating the former in the gen- 
eral discussion. 

Earlier unpublished work by Angier and Hausner 
clearly indicated that the sintered product of com- 
pacted zirconium hydride powder is superior in most 
respects to that of zirconium powder, i.e., the duc- 
tility, corrosion resistance, and gas content was more 
favorable in the former. Obviously these superior 
properties are a function of the lower oxygen and 
nitrogen content, the source of this added gas being 
in the extra pulverization step necessary to produce 
zirconium powder. Fig. 4 shows that compacted zir- 
conium hydride sinters readily to the full density 
of zirconium and that it is comparatively insensitive 
to differences in compacting pressure in the range 
shown. In reality, then, if the full density of zir- 
conium is to be obtained, zirconium hydride powder 
can be compacted at lower pressures than zirconium 
powder. The inferior green strength of compacted 
zirconium hydride powder is a smal! sacrifice for 
the other benefits obtained, especially since the green 
strength of these compacts pressed at practicable 
pressures is sufficient to make them easy to handle. 

A test was made to determine if compacted zir- 
conium powder could be pressed together with com- 
pacted zirconium hydride powder to give a good 
final bond during sintering. Such a process might 
have an application in making specialized shapes 
where the large shrinkage differential between the 
two types of compacted powders during sintering 
could be utilized. The process is indeed favorable. As 
shown in Fig. 5 an excellent bond was developed. 
This investigation proved, however, to be a more 
decisive indication of the superiority of zirconium 
hydride powder than could be determined by other 
tests. In Fig. 5a, b, and c, the sintered product of 
compacted zirconium powder is shown on the top 
and that of compacted zirconium hydride powder on 
the bottom of the micrographs. The zirconium hy- 
dride powder was pressed in a die at 7 tsi and zir- 
conium powder was added, levelled, and the two 
layer compact pressed together at 50 tsi. The sample 
was then sintered in high vacuum for 2 hr at 1190°C. 
It is evident from Fig. 5a that the zirconium hydride 
powder yielded a much less porous sintered zirconium 
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Fig. 6—Effect of sintering time and compacting pressure on 

the sintered density of zirconium. Samples compacted from 

zirconium hydride powder and sintered in vacua at various 
temperatures. 


than did the zirconium powder. Fig. 5b shows how 
the grain growth of the zirconium progressed. 
Even though the original particle size of the zir- 
conium hydride powder was much less than that of 
the zirconium powder, the sintered product of the 
former has a much coarser grain size. The sintered 
zirconium powder shows very little if any grain 
growth at this stage (2 hr at 1190°C). However, as 
would be expected, the sintered zirconium of com- 
pacted zirconium hydride shows marked grain 
growth. In Fig. 5c the resintered sample shows the 
further progress of grain growth and densification 
Evidently the decomposition of zirconium hydride 
during sintering yields a compact composed of par- 
ticles that have extremely clean active surfaces ideal 
for bonding. Whatever the fundamental sintering 
mechanism may be these highly activated surfaces, 
then, are ideal for the sintering phenomenon to 
occur. It is interesting to note that many of the large 
pores which remain (Fig. 5a and b are identical 
fields) are within the grains and do not seem to act 
as barriers to grain growth. This test may be used 
as another proof that the sintering of compacted zir- 
conium hydride powder may be carried out at lower 
sintering temperatures and shorter sintering times. 
There are, then, at least six factors which point to 
the direct use of zirconium hydride powder for press- 
ing and sintering. These are: 1—Reduction in proc- 
essing cost of the powder. 2—Reduction in time for 
processing the powder. 3—Better physical properties 
of the sintered compact because of lower gas con- 
tent. 4—Less opportunity for the pickup of impuri- 
ties during the various processing steps. 5—Permits 
the use of lower compacting pressure to attain ideal 
or any arbitrary density. 6—Permits the use of 
lower sintering temperature and shorter sintering 
time to attain the ideal or any arbitrary density. 
Hot Pressing of Zirconium Powder: Tests were 
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made with pressing of zirconium powder at elevated 
temperatures. The pressing was done in a graphite- 
lined steel die at 650°C for 15 min in vacuum at a 
pressure of 25 tsi. Under these conditions the powde1 
compacted to a solid mass to a density of 6.53 g per 
ce. The hot-pressed specimens showed uniform fine 
grain size slightly less than that of cold-pressed and 
subsequently sintered specimens of similar density 
The hardness of the hot-pressed specimen was 
slightly higher than that of the corresponding cold- 
compacted and sintered sample 


Properties of Sintered Zirconium 
Procedure The best 
methods as derived from information incorporated 
in the preceding sections were utilized to make a 
comprehensive study of the powder metallurgy of 
zirconium as processed under a set of standard con- 
ditions 

The zirconium hydride was formed at 800 C and 
ground in a steel mortar and pestle to pass through 
a 325 mesh screen. One batch of thoroughly blended 
for all the tests to be described 


Experimental processing 


powder was used 
subsequently thereby eliminating possible variables 
that may be introduced by variations in the powder 

The samples were compacted in a rectangular steel 
die 3x',4 in. to a thickness of about '« in., each sam- 
ple containing a uniform charge of 7 g of zirconium 
hydride powder. The compacts were pressed at 35, 
50, and 75 tsi, placed in a covered graphite boat, and 
separated by graphite slabs. The boat was placed in 
a vacuum furnace, evacuated for at least 16 hr and 
sintered at 990°, 1150°, 1260°, and 1390 °C for 5 min, 
1, 3, and 10 hr. During the heating of the specimens 
the pressure in the furnace tube increased at about 
800 C due to decomposition of the zirconium hydride 
and did not begin to decrease until the temperature 
was about 950 C. The samples were furnace-cooled 
in vacuum 

The sintering was done in a globar furnace con- 
taining a sillimanite tube. This tube was sealed to 
glass and the entire pumping system up to the me- 
glass. The vacuum was generally 
temperature. The as-sintered 


clean, shiny surfaces 


chanical pump was 
about 2x10° mm at 
samples had bright 
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Fig. 7—Constant density lines as a function of sintering 
time and temperature for zirconium. Vacuum sintered 
from —325 mesh zirconium hydride powder compacted 
at 50 tsi 
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mate density of compacted and sintered zirconium 
was investigated as a function of the compacting 
pressure and sintering variables such as time and 
temperature. The powder was not varied as pointed 
out earlier. It is worthy of mention, however, that 
experiments with zirconium hydride powder ground 
to a particle size less fine than the —325 mesh did 
not densify during sintering as readily as the com- 
pacted 325 mesh powder at the same time and 
temperature 

In Fig. 6 the effect of compacting pressure, sinter- 
ing time, and sintering temperature on the density 
of zirconium is shown. The role of compacting pres- 
sure becomes insignificant at the higher sintering 
temperatures and longer times. When a minimum of 
sintering time and the lowest possible temperature 
is desired, the use of higher pressure becomes im- 
portant. Ideal density can be attained, for instance, 
by sintering 1 hr at 1150°C provided a compacting 
pressure of 75 tsi has been used 

Fig. 7 shows a plot of isodense lines after sinter- 
ing at any time and temperature in the range shown 
for compacts pressed at 50 tsi. From this the density 
obtainable for any given sintering temperature and 
time can be predicted. The densities would vary, of 
course, to perhaps +0.03 g per cu cm because of 
deviation in both measurement and sample. Com- 
pacts pressed at 50 tsi, however, can be sintered to 
full density as shown by the line for completion of 
densification. In order to better show the effect of 
compacting pressure on completion of densification, 
Fig. 8 is presented. If a sample is to be sintered to 
ideal density for 8 hr at 1250°C, compacting pres- 
sures as low as 35 tsi can be used. If the sintering 
temperature must be low, however, higher compact- 
ing pressures become necessary. At 1100 °C, for in- 
stance, a sample which has been compacted at 75 tsi 
can be sintered for as little as 3 hr to attain ideal 
density 
The grain growth of zirconium 
during sintering is very rapid provided the material 
charged to the sintering furnace was compacted zir- 
conium hydride powder. In Fig. 9 the grain size of 
zirconium, sintered at various times and tempera- 
tures, is shown. The actual grain size is shown in 
microns and in grains per sq mm in Table II 


Grain Growth 


1400 


Sintering Temperature ,°C 


6 
Sintering Time, Hours 


10 


Fig. 8—Isodense lines representing 6.59 g per cu cm 
‘complete densification) for three compacting pressures 
Data for —325 mesh zirconium hydride compacted as 
indicated and vacuum sintered 
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Fig. 9—Effect of sintering time and temperature on the grain growth of zirconium. Compacts pressed at 50 tsi from —325 mesh 
zirconium hydride powder and sintered in vacuum. X250. Area reduced approximately 80 pct for reproduction. 


It appears that grain growth is most rapid in the 
vicinity of 1100° to 1200°C. At 990°C the growth 
was quite slow compared to the rapid growth which 
occurrea on sintering at more elevated temperatures. 
Densification, on the other hand, is relatively rapid 
at lower temperatures. The relationship between 
density and grain size is shown in Fig. 10. Initially 
in the sintering process considerable densification 
occurs with little grain growth. Toward the end of 
the sintering process the density becomes asymptotic 
to ideal and little densification occurs, but grain 
growth is quite rapid. The relationship between the 
sintering mechanism and grain boundary movement, 


Table I!. Grain Size of Zirconium after Sintering 


Sinter- Grain Size, Microns Grains per Sq Mm 


497 694 117 2670 

68.4 108 q 1590 

107 128 9 1309 

139 143 480 

if one exists, should have some interesting theoretical 
ramifications. 

Hardness: The hardness of sintered zirconium may 
be influenced among other things by oxygen content, 
grain size, and density. The first two factors affect 
the intrinsic properties of the metal, but the hard- 
ness when affected by density is merely another in- 
dication of the amount of porosity. 

In Fig. 11 the hardness is shown as a function of 
sintering time and compacting pressure for samples 
sintered at 990°C. It is clear that the only difference 
in the sintered product affected by compacting pres- 
sure is porosity. The differences in hardness, then, 
shown in Fig. 11, are representative of the trend in 
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density. After sintering at higher temperatures, the 
effect of compacting pressure on the hardness be- 
comes negligible. In fact, after a density of about 
6.3 g per cu cm is reached, the hardness seems to 
become insensitive to the slight differences in density. 

The hardness of dense sintered zirconium made 
by these methods is about Rockwell B 92. Variations 
in hardness may occur so that values from 90 to 94 
Rockwell B are obtained. This deviation may be 


67 


Density, G percm> 


40 60 80 100 120 140 160 
Grain Size, Microns 
Fig. 10—Relationship between grain size and density of 
sintered zirconium. Samples compacted at 50 tsi from zir- 
conium hydride powder and sintered in high vacuum at various 
times and temperatures. 
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Fig. 1|—Effect of compacting pressure and sintering 
time on the hardness of zircon: m sintered in vacuum 
at 990 C trom compacted —325 mesh zirconium hydride 
powder 


attributed to the variation in grain size and oxygen 
content, the former influencing lower hardress with 
more sintering because of grain growth and the 
latt«. influencing higher hardness with sintering at 
higher temperatures or for longer times. It is diffi- 
cuit to isolate the effect of these two variables on 
the hardness except at 1390 C where the increase in 
oxygen content noticeably increases the hardness, as 
showr in Table II. This effect is also clearly illus- 
trated in both the experimental data on electrical 
resistivity shown ‘n Fig. 12 and the schematic repre- 
sentation, Fig. 13 
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Fig. 12—Electrical resistivity of sintered zirconium com- 
pacts pressed as indicated from zirconium hydride pow 
der and sintered in vacuum at the times and tempera- 
tures shown 
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Fig. 13—Idealized curves showing the probable effect of 
densificction and of orygen pickup during sintering on 
the electrical resistivity of sintered zirconium 


Electrical Resistivity: The electrical resistivity 
may reflect many variables operating in the process- 
ing of sintered zirconium. As explained in the sec- 
tions on experimental procedure, the control of these 
experiments was such, however, that many variables 
can be eliminated from the discussion, and it is in- 
dicated that there are only three fundamental differ- 
ences in the sintered compacts. These are: 1—Grain 
size, 2—oxygen content, and 3—density. It is prob- 
able that grain size would have little if any measur- 
able effect on the resistivity. The two variables 
which need to be considered, then, are oxygen con- 
tent and density. The pressed compacts to begin with 
have an oxygen content of about 0.2 wt pct, the main 
source of this oxygen being in pulverizing as has 
been described earlier. Little oxygen is picked up 
during sintering at temperatures up to 1260°C, but 


Table Ill. Rockwell B Hardness of Sintered Zirconium. Samples 
Sintered in Vacuum from —325 Mesh Zirconium Hydride Powder 
Compacted at 50 tsi 


Sintering sintering Temperature, °C 
Time 1260 1390 
5 min 78 88 90 95 
lhr 87 93 91 95 
thr 92 93 92 7 
10 hr 91 91 95 98 


there is some increase at the higher sintering tem- 
peratres and very long sintering times. This oxygen 
which is undoubtedly in solid solution after sinter- 
ing would have a marked influence on the resis- 
tivity 

The electrical resistivity was measured for all 
sintered samples and these data are shown in Fig. 
12. It is immediately apparent that the resistivity 
first decreases with sintering temperature and then 
increases. The decrease is definitely due to densi- 
fication and the increase probably to oxygen pickup. 
This is shown in the schematic representation in Fig. 
13. The resistivity, then, is a splendid guide to op- 
timum sintering conditions, a minimum resistivity 
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Fig. 14—Microstructure of cold worked and annealed zirconium. Compacted from —325 mesh zirconium hydride powder and sin- 


tered 3 hr at 1260°C in high vacuum. a ‘left)—As sintered. b ‘center)—Cold rolled 75 pct reduction in thickness, longitudinal 
section. c ‘right)—Same as b but annealed | hr at 900°C. Polarized light. X200. Area reduced approximately 50 pct for re- 


indicating the optimum. From Fig. 12 it appears that 
the best sintering temperature is in the range 1150 
to 1260°C. The data are insufficient to pick a value 
and establish this as the exact sintering cycle, but 
a useful sintering range can be ascertained. Com- 
pacting pressure plays a role, but the limits on com- 
pacting pressure are wide if the selected sintering 
range is 3 to 10 hr at 1150°C and 1 to 10 hr at 
1260°C. This is in agreement with data on the other 
properties investigated. Samples sintered in these 
ranges had good density, relatively low hardness, 
and relatively low oxygen content. 

The electrical resistivity of pure zirconium is re- 
ported to be from 39 to 41 microhm-cm at 0°C, 
which corresponds to about 40 to 42 microhm-cm at 
room temperature. The lowest resistivity found in 
this investigation for sintered zirconium was 58 to 
60 microhm-cm at room temperature. The difference 
between this and the reported electrical resistivity 
can probably be attributed to the higher oxygen con- 
tent in the sintered product, which oxygen pickup 
has occurred during powdering of the zirconium 
hydride. 

Ductility: Although tensile tests were not made, 
cold rolling permitted an evaluation of the ductility 
of the sintered zirconium. The sintered samples were 
cold rolled about 5 pct per pass, examined carefully 
for edge cracking <fter each pass, and ro!ling con- 
tinued until the first sign of edge cracking. Treat- 
ment, i.e., compacting pressure, sintering time, and 
temperature, seemed to have no significant effect on 
the ductility, practically regardless of the density. 
In 50 samples of various densities that were cold 
rolled, the range in reduction of thickness to the 
first sign of edge cracking was 53 to 72 pct. The 
average reduction in thickness was 62 pct. The sin- 
tered zirconium, then, is quite ductile. 

Fig. 14 shows the microstructure of zirconium. 
These rolling studies proved the existence of a high 
degree of ductility in sintered zirconium, which 
makes the powder metallurgy method of manufac- 
turing zirconium parts most valuable. 

Conclusions 

Zirconium of high purity can be fabricated by 
powder metallurgy methods. The use of zirconium 
hydride powder for compacting and sintering leads 
to a more superior product than does the use of zir- 
conium powder. 

The pressing and sintering conditions that permit 
the powder metallurgical fabrication of sintered zir- 
conium are established. Compacting at conventional 
pressure of 40 to 50 tsi, sintering in vacuum within 
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production. 


the temperature range 1150° to 1260°C, and the use 
of covered graphite boats, during sintering, results 
in sintered zirconium compacts of practically theo- 
retical density and appreciable ductility. 

The superiority of zirconium hydride powder over 
zirconium powder is shown clearly. It should be use- 
ful to determine how well other metal compound 
powders, such as hydrides, oxides, and others, can 
be decomposed during sintering and whether this 
decomposition facilitates the sintering process. Fur- 
ther studies in these directions are under considera- 
tion. 
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Production of Aluminum 


from 


Kalunite Alumina 


HIS country was faced with the possible necessity 
of utilizing nonbauxitic ores for producing alu- 
minum during World War II. Construction of four 
experimental plants to treat such ores by four dif- 
ferent processes was authorized‘ including one at 
Salt Lake City, for the conversion of Marysvale 
alunite to metal-grade alumina and potassium sul- 
phate by the Kalunite process.‘ An aluminum reduc- 
tion plant in Tacoma, Wash., with a capacity of 50 
tons of aluminum per day, was constructed to handle 
he Kalunite alumina produced at the Salt Lake City 
plant. The alumina and aluminum plants were 
Defense Plant Corp. projects operated by Kalunite, 
Inc. and Olin Industries, Inc., respectively 
Kalunite alumina differs from Bayer alumina in 
particularly in that the former 
contains potash instead of soda. The presence of 
potassium in the alumina feed to the cryolite bath 
was stated by aluminum technologists to be unde- 
under the usual operating conditions of 


several respects, 


sirable 
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aluminum furnaces. In 1940, about 20 tons of Kalu- 
nite alumina produced in the Kalunite pilot plant, 
were reduced electrolytically in a 10,000 amp furnace 
at Battelle Memorial Institute and at the aluminum 
reduction plant at Neuhausen, Switzerland. These 
relatively small scale tests indicated that satis- 
factory commercial aluminum could be produced in 
a practical manner 

The Tacoma plant reduced about 2,500,000 lb of 
Kalunite alumina to produce more than 1,200,000 Ib 
of aluminum, in accordance with the accepted prac- 
tice for reducing Bayer alumina. It was desired to 
determine whether commercial aluminum could be 
produced on a large scale and to establish the tech- 
nological differences in commercial reduction prac- 
tice between Kalunite and Bayer alumina. In the 
course of collecting data, the effects of the abnormal 
chemical composition and physical properties of 
Kalunite alumina were observed wherever possible 


Tacoma Reduction Plant 


The reduction plant had two pot lines, each with 
120 cells in series, operated at approximately 32,000 
amp. Each cell was provided with a single rec- 
tangular Soederberg continuous anode, with side-pin 
electrical contacts. Each cell was hooded and venti- 
lated through a stack connected to 14 other cells, 
with 25,000 cfm blower. When the plant started 
operation in 1942, all of the cathode linings were 
of block construction. Rebuilt cells were of rammed 
paste construction. 
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A total of 12 cells in pot room No. 1 were operated 
on Kalunite alumina over a period of 17 months. The 
remainder of the plant operated on Bayer alumina 
Shutdowns immediately after the war brought an 
abrupt halt to operations. 


Operating Conditions 

The average charge of alumina was 240 lb to a 
9000-lb bath with an average of 3.5 to 3.8 anode 
effects per day. Normal operating voltage was 
maintained at 4.9 v and each anode effect (30 to 
40 v) averaged 6 min. The crust on alternate sides 
and both ends of a pot was broken through at anode 
effects. Before placing a new charge of alumina on 
the exposed electrolyte, the space between anode 
and cathode was raked thoroughly. During normal 
operations, four gas holes, about 6 in. from the 
anode, were maintained in the crust. Surface tem- 
perature of the electrolyte was about 950°C. The 
ratio of NaF to AIF, in the bath was maintained 
between 1.45 and 1.50. The alumina content in the 
bath varied between 2 and 7 pct. Anode paste, pre- 
pared on the side, was loaded at the rate of about 
5000 lb every 15 days. Each pot was tapped every 
third day, leaving 2 in. of metal pad after each tap. 

Since only a small part of the reduction plant was 
operated on Kalunite alumina, special procedures 
were required in order to obtain accurate data. 
Ordinarily, raw material consumption, production, 
and power data are obtained from overall plant in- 
ventories and meter readings from the rectifier 
station. However, information on a small number 
of pots cannot be obtained in this manner. Therefore, 
it was necessary to record weights of all raw 
materials charged, weight of metal tapped, and vol- 
tages for each individual pot operating on Kalunite 
alumina. To compare the operation with Bayer 
alumina on the same basis, a section of eight pots 
was started approximately at the same time and 
operated for several months, with four each on 
Bayer and on Kalunite alumina, following identical 
processing and control procedures. 

Each pot was tapped singly with return of all 
scrap metal to the pot. Total production was ob- 
tained from the weight of the as-cast metal. Metal 
was sampled prior to pouring and analyzed by wet 
and spectrographic methods. Alumina for each 
charge was weighed in 60 to 80-lb lots. Each car- 
load of alumina was sampled and analyzed by wet 
methods. Cryolite and aluminum fluoride were 
measured from 100-lb sacks. The quantity of anode 
paste consumed was determined by weights of coke 
and pitch mixed in the paste plant. Ampere-hours, 
used for calculating current efficiency and power in- 
put, were very accurately measured by the line 
ampere hour meter. Voltages at each pot were 
recorded hourly, and voltage and time were recorded 
for anode effects. A time-weighted average of volt- 
age was used for power input. 


Raw Materials 
Natural Greenland cryolite, aluminum fluoride, 
fluorspar, Bayer alumina, calcined petroleum coke 
for anodes, soft anode pitch, and cathode paste or 
blocks were purchased on specifications generally 
* The particle size refers here to the aggregates that persist on 


handling the alumina on the screens. Comparative X-ray diffraction 
patterns of Kalunite and Bayer aluminas made in 1940 showed that 


the primary crystallite sizes are the same; diffraction line breadths 
and intensities agreed very closely The difference in particle 
‘grain’ sizes is to be attributed to the types of aggregation en- 


countered in the two aluminas 


Determined by chemical onolysis 
---0--- Calculated from quantity Kolunte 


(Weeks) 


Fig. |—Potash buildup in electrolyte, pot 95, starting Aug. 13, 1944 


acceptable for aluminum reduction. Typical chemical 
composition and physical properties of Kalunite and 
Bayer aluminas are summarized in Table I. 

The average chemical composition of the Kalunite 
alumina showed higher silica, iron oxide, titania, and 
lead than Bayer alumina. Phosphorous pentoxide, 
potash and sulphur trioxide were also present in 
Kalunite alumina in appreciable quantities; but cal- 
cium oxide and soda, present in Bayer alumina, were 
not found in Kalunite alumina. Ignition loss and 
water absorption were comparabie for the two 
aluminas. 

Particle size distribution* was not nearly so uni- 
form for Kalunite alumina as it was for Bayer 
alumina. Excessive quantities of both coarse and 


‘fine sizing were present. 


The uniformity in composition of the Kalunite 
alumina was poor. For 17 carloads of alumina, sul- 
phur trioxide (SO,) varied from 0.40 to 2.30 pct, 
potash (K.O) from 0.25 to 0.78 pet, phosphorus pen- 
toxide (P.O.) from 0.01 to 0.08 pet, iron oxide 
(Fe.O,) from 0.08 to 0.14 pet, and silica (SiO,.) from 
0.03 to 0.24 pet. This variability in the impurities 


Table |. Chemical Composition and Physical Properties of 
Kalunite and Bayer Aluminas 


Kalunite 
For 
Compara- Bayer 
Typ- tive (Typ- 
ieal* Data** feal)* 
Chemical composition 
Silica (SiOz,) 0.06 0.07 0.02 
Iron oxide (FesOs) 0.12 0.12 0.02 
Titanium dioxide (TiO: 0.005 0.006 0.003 
Phosphorus pentoxide (P,Q,) 0.06 0.09 Nil 
Potash (KO) 0.35 0.38 Nil 
Sulphur trioxide (SO») 0.91 1.24 Nil 
Soda (Na,O) Nil Nil 0.45 
Calcium oxide (CaO) Nil Nil 0.02 
Lead (Pb) 0.01 0.01 Nil 


Ignition loss and water absorption 
L.O.1. (1000°C) 2.09 2.37 2.67 
Water absorption ‘bone dry basis) 89 5 


Sereen analysis (Tyler mesh) 
+ 48 


* Average for first half of 1945. 
** Alumina used for data shown in Table II 
+ n.d. not determined, but same order as ‘‘Typical.” 
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Table Ii. Summary of Operational Data, Bayer Alumina vs 
Kalunite Alumina 
Kalunite Bayer 
Number of pots 4 
Average age per pot, days 173 200 
Production 
Lb per pot per das 405 464 
Composition, pet 
Al 99.54 99.79 
Si 0.18 0.07 
Fe 0.25 0.14 
Ti 001 Trace 
Pb 002 N 
Raw materials consumptior 
b per 100 Ib producti 
Alumina 215 189 
cr te 15.1 9.7 
Alur im fluoride 0 1 
Anode paste 72 64 
Sk rs ed 22 06 
ent efficie 71.7 82.1 
mx w-hr pe b of et 99 87 


was due mainly to unsatisfactory operating condi- 
tions and difficulties encountered in the operation 
of the Salt Lake alumina plant, inflicting the penal- 
ties of low capacity The quality of the 
alumina was lower than that of alumina produced 
from alunite ores in laboratory and 


operation 


experimentally 
il 


ot plant studies 


Results of Reduction 


Metal: Acceptable commercial grades 
of pig aluminum were produced. In the first half of 
1945, 50 pet of the metal produced from Kalunite 
alumina was 99.60 pct metal (grade B) or better: 4 
99.70 pet metal. To obtain higher 


Quality of 


pet was 2A grade 


grade metal it would be necessary to reduce the 
impurities in the alumina 
Operating Record: The overall operating record 


for all pots operating on Kalunite alumina showed 
that commercial alumina could be produced on a 


large scale without very serious handicaps in pro- 
duction, raw material consumption, and power in- 
put. No obnoxious fumes were emitted from the 


pots, either during normal operation or while break- 
difficulty was experienced 
alumina, it was 


crust. However! 
in handling the Kalunite 
not so free-flowing 

Effect of Particle Size 


Kalunite 


ing in the 
because 


The 


alumina 


coarse £rain size con- 


tained in was undoubtediy the 


most serious factor in disturbing smooth pot opera- 
tion.** This also masked effects of other abnormal 
properties of Kalunite alumina. The excessive fine 
particles caused dust losses. Both the coarse and 
fine particles were probably responsible for adverse 
temperature distribution in the pots. The coarse, 
settling to the cathode bottom, and the fines, acting 


F insulator over the crust, would tend to 
make the bottom hotter. For efficient operation, the 


is a poore!l 


cathode should be considerably colder than the 
anode 
Potash in Electrolyte: Ot the abnormal impurities 


in Kalunite alumina, potash appeared to be the only 
that retained in the electrolyte to any 
appreciable extent. Usually, the potash reached a 
between 1 and 3 pct in 


one Was 


maximum concentration 


** Operat f the 10.000 ar ace at Battelle Memorial In 
titute a g 1940 was unsucce sl unt coarse fractions were 
e ed from the iu feed by screening 

The 10.00 D> ce perated at Battelle Memorial Institute 
showed rent efficie of 8 pet 
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about six weeks. Apparently a steady state condi- 
tion was reached whereby the charging and volatili- 
zation losses were essentially equal. Fig. 1 illustrates 
typical data obtained during the operation of one 
of the cells. The upper limit of potash content of 
the bath is of the same order of magnitude as pre- 
viously found in the operation of the 10,000 amp 
cell at Battelle Memorial Institute during 1940. 
Cathode Lining: No particular adverse effects 
were noted on cathode linings. The absorption of 
potash in the lining was about the same as found 
for the absorption of soda from Bayer alumina 
Comparative Reduction Data: The data have been 
summarized in Table II. The Kalunite alumina used 
for comparative reduction data was screened to 
eliminate most of the excess coarse sizing. As com- 
pared to equivalent operation on Bayer alumina, 
the metal produced contained somewhat higher 
quantities of silicon, iron, titanium, and lead. Alu- 
mina consumed was about 13 pct higher than for 
Bayer alumina, mostly because of dust losses. No 
aluminum fluoride was required for the Kalunite 
alumina operation, because the potash did not con- 
tinually build up in the bath. The higher rate of 
carbon dusting from the anodes is reflected in anode 
paste consumptions and skimmings removed. The 
current efficiency for pots operating on Kalunite 
alumina was about 10 pct lower than for those on 
Bayer alumina.t This caused higher energy input 
per pound of metal for pots operating on Kalunite 
alumina. Miscellaneous differences in operating 
characteristics for pots operating on Kalunite alum- 
ina as compared to those on Bayer alumina included 
lower anode effect voltages, lower bath surface 
temperatures, less potent anode gas flames, 
serious anode corrosion, and less movement of the 


less 


electrolyte 

Pot Life: The life of pots charged with Kalunite 
alumina appeared comparable to those charged with 
Bayer alumina. As an example, four pots were 
started on Kalunite alumina and at approximately 
the same time ten pots were started on Bayer alum- 
ina in pot room No. 1. They averaged 238 and 233 
days of operation, respectively 


Summary and Conclusions 


The reduction of Kalunite alumina has produced 
commercially acceptable metal fairly large 
While the operating record was not as favor- 
able as for Bayer alumina, particularly with respect 
to current efficiency, it would appear that the opera- 
tion will be controlled by economic conditions rather 
than technological consideration. Adverse effects of 
particle size were definitely confirmed. Improve- 
ment of the quality of Kalunite alumina with re- 
spect to chemical and physical properties, and/or 
modifying the electrolytic treatment will undoubt- 
edly improve the reduction operation. 


or a 


scale. 


References 


F. R. Archibald and C. F. Jackson: Alumina from 
Clay by the Lime-sinter Method. Trans. AIME (1944) 
159, pp. 227-238; C.A. 38, p. 6057 

George C. Heikes: Aluminum and Magnesium 
MINING AND METALLURGY (1945) 26, pp. 70-74; C.A. 39, 
p. 1378 

C. K. White: 
Oregon. Mining Congress Journal 
pp. 32-34; C.A. 39, p. 3127 

A. Fleischer: The Kalunite Process 
(1944) 159, pp. 267-279; C.A. 38, p. 6057 


Alumina from Clay Plant at Salem, 
(1945) 31, No. 4, 


Trans. AIME 


TRANSACTIONS AIME 


Pi 


| 


Intermetallic Compounds in the System 


by Samuel G. Gordon, 


and vVaiter 


NE of the problems encountered in working with 

metals at elevated temperatures is the insta- 
bility resulting from solid-solid diffusion at a com- 
mon interface. A determination of the nature and 
magnitude of this phenomenon is important as re- 
lated to structural properties of materials poten- 
tially useful in high temperature applications. This 
paper is concerned with the solid state reaction be- 
tween metallic molybdenum and beryllium at ele- 
vated temperatures. 

In the older literature,’ there were no known inter- 
metallic compounds in the system Be-Mo, and the 
list of beryllium intermetallics was rather small. 
New compilations have been made by Smithells* and 
by Taylor, listing all the then known beryllium 
binary intermetallic compounds. In addition to these, 
some new phases have just been reported’ in the 
system Zr-Be and some further compounds of the 
type MBe,, have been currently described.” The new 
compound MoBe,, which is reported upon in this 
paper differs considerably from the above mentioned 
MBe,, group, and will be discussed in detail. 


Diffusion Study 

The nature of the solid diffusion at a Mo-Be inter- 
face was determined by sealing a beryllium rod in- 
side a molybdenum capsule and heating at a tem- 
perature of 2000°F (1100°C) for 100 hr. The molyb- 
denum capsule was fabricated from % in. swaged 
molybdenum rod obtained from the Fansteel Metal- 
lurgical Corp. The beryllium metal was obtained 
from Brush Beryllium Corp. as % in. cold-drawn 
rod. This material assayed 99.05 pct Be and contained 
as impurities 0.84 pet BeO and 0.19 pct Be.C. 

The molybdenum capsule was 5 in. in OD x 2 in. 
long. To prepare it, a concentric hole 0.250 in. + 
0.001 in. — 0.000 in. in diam was drilled and reamed 
in one end of a rod to a depth of 1% in. A 1 in. long 
beryllium rod 0.250 in. 0.000 in. — 0.001 in. in 
diam was pressed into the molybdenum capsule. A 
molybdenum plug 0.250 in. 0.001 in. in diam x 
9/16 in. long was then ured to seal the beryllium in 
place. The capsules were placed in a molybdenum 


A—Mo B—MoBe. C—MoBe , D—Be 
Fig. 1—MoBe, and MoBe,, formed by solid-solid reaction between 
Mo and Be at 1100°C (2012°F), polished section at X250, unetched. 
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James A. McGurty, 


Molybdenum-Beryllium 


Gilbert E. Klein, 


J. Koshuba 


Savere: ser Cement 


Fig. 2—Induction-heating melting assembly. 


resistance furnace and heated at 2000°F (1100°C) 
for 100 hr. On cooling, the specimens were cut and 
examined metallographically. Fig. 1 is a micrograph 
at X250 of a portion of the interface from a trans- 
verse section. Four phases are clearly visible, with 
sharp boundaries between them. Phase A is a sec- 
tion of the molybdenum capsule; phase B is the 
molybdenum-rich intermetallic composition MoBe,; 
phase C is the beryllium-rich compound MoBe,,; 
phase D is a section of the beryllium rod. All phases 
were readily polished to a high metallic luster. 

The molybdenum-rich phase has a pronounced 
purple tinge. The beryllium-rich phase (C) is only 
slightly darker than the pure beryllium. In polarized 
reflected light, however, it shows striking birefring- 
ence between crossed Nicuols. The black areas repre- 
sent flaws or pores in the material. A small repre- 
sentative amount of powdered material from each 
of the phases was carefully removed under the micro- 
scope with a diamond tool. With this material, powder 
X-ray diffraction patterns were made for the identi- 
fication of each phase. Table I lists the X-ray dif- 
fraction spacings and corresponding indexes charac- 
teristic of these intermetallic compounds. 


Synthesis 
To establish the formula of the new intermetallic 
compound, X-ray diffraction patterns were made 
from powders obtained from solidified melts of 
known composition. The syntheses were made by 
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Table |. Interplanar Spacings of Powdered Crystals 
Ni-filtered Cu radiation (Ka 1.5418A 
MoBe MoBe 
Caleu- Caleu- Ob- 
bk lated served 1 bki lated served 1" 
200 5.12 5.12 07 
111 402 4.02 
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4) 1978 0.977 02 
0.950 0.95 
935 0.93 
0 925 0.92 

ne the e O 0.910 0 908 
te 0 885 0.887 


melting Mo-Be mixtures in various stoichiometric 
proportions 

A high purity molybdenum powder averaging 2 to 
5 microns in particle size was obtained from the 
Fansteel Metallurgical Corp. A beryllium metal 200 
mesh powder was obtained from the Brush Beryllium 
Corp. The material assayed 99.5 pet Be and con- 
tained as impurities 0.63 pet BeO, 0.12 pct Al, 0.12 
pet Fe, and 0.04 pct Be.C. Powder mixtures of the 
two elements were ball milled in a rubber-lined 
mill using rubber-covered steel balls; the mixtures 
were then mechanically compressed ‘at 100,000 psi 
into compacts which were approximately 2 in. long 
x *s in. diam. These compacts were melted directly 
by induction. Fig. 2 is a schematic drawing of the 
melting assembly. A 20 kw Ajax induction unit per- 
mitted rapid heating to 3092° to 3272 F (1700° to 
1800 C) in which temperature range all the com- 
positions investigated were liquid 

On heating the unsintered compacts, an exothermic 
reaction was noted in the range 1472° to 1832°F 
(800° to 1000°C), due perhaps to a solid-solid re- 
action between the molybdenum and beryllium. The 


Table Il. Unit Cell Constants ‘MoBe 

NEPA Taylor 
4.433A 4454A 
3.838 

T 341A 7.2754 
4 

6.06 6.13 
Densit 1.92 g per 

group D cr 
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liquid melt was held at a temperature of 3092” to 
3272 F (1700° to 1800°C) for 10 min and then was 
allowed to cool in the crucible. The solid button 
readily separated from the crucible with little sur- 
face adherence. X-ray powder patterns were made 
of representative specimens from each melt. Com- 
parison of these patterns with the standards for the 
two phases B and C showed that the composition 
corresponding to MoBe, was identifiable as the molyb- 
denum-rich phase (B). The beryllium-rich phase 
was found to be MoBe,. 


Crystallographic Investigation 

Well developed single crystals of the intermetallic 
compounds up to one millimeter in size were re- 
covered from aggregates found in the ingots pre- 
pared for X-ray identification work. By careful 
mounting of these single crystals on a two-circle 
goniometer, oriented specimens were prepared suit- 
able for use with a Weissenberg camera, using Ni- 
filtered Cu radiation (K, 1.5418A) and with a 
precession X-ray camera. Measurements of the re- 
sulting X-ray diffraction patterns made possible the 
determination of unit cell constants of both inter- 
metallic compounds. The density of single crystals 
of the relatively heavy MoBe, was measured by 
pycnometric methods using toluene. The density of 
MoBe,, was measured using the float or sink method 
with Clerici solution and subsequently determining 
pycnometrically the density of the solution in which 
the crystal neither sinks nor floats 

MoBe., the molybdenum-rich phase, occurred as 
parallel growths of tabular hexagonal crystals which 
showed the purple tinge characteristic of this phase 
The unit cell constants determined from the diffrac- 
tion pattern measurements are compared with values 
reported by Taylor® * in Table II. 

MoBe,,, the new beryllium-rich phase occurred as 
aggregates of prismatic tetragonal crystals. Single 
crystal measurements vielded the following con- 
stants: a., 10.27A; a.\ 2, 14.52; ¢,, 4.29A; Z, 4; p, 3.13; 
and density, 3.13 g per cc. Since there were no sys- 
tematic extinctions, the following space groups were 
possible: P42m, P4/m, or P42. Considerations of 
placing the 56 atoms (4 Mo and 52 Be) and of evi- 
dence obtained by Laue techniques indicate the 
space group P42 as being the most probable. The 
formula (MoBe,,), was calculated from the unit cell 
dimensions and the measured density 


Conclusions 

1—The existence of the intermetallic compound 
MoBe, has been verified. A table of the interplanar 
spacings of this compound is given. 

2—A new intermetallic compound, MoBe 
ported. This differs from other intermetallic com- 
pounds of the type MBe,, in being tetragonal instead 
of cubic. A table of the interplanar spacings of this 
compound is also included. 


is re- 
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Thermal Stability of The 


Chromium, Iron, and Tungsten Borides 


In Streaming Ammonia And 


The Existence of a New Tungsten Nitride 


The chromium, iron, and tungsten borides have been treated with 
ammonia at different temperatures. They are attacked, forming metal 
nitride and boron nitride, and the results are summarized in the tables. 
In the tungsten-nitrogen system a new phase has been observed, closely 

related to the known § phase. 


HE present investigations were begun to deter- 
mine whether any ternary phases exist in the 
transition metal-boron-nitrogen systems for the 
metals chromium, iron, and tungsten. Attempts to 
prepare such phases were made by using the borides 
of the metals as starting materials and ammonia as 
the nitriding agent. Although no new ternary phases 
have been found to exist, the results may be of 
some interest with regard to the technical use of 
the borides. 
General Procedure 
A steady stream’ of dry ammonia was passed 
through a silica reaction tube, the central part of 
which was kept at the reaction temperature while 
its ends were water-cooled. Weighed amounts of 
the borides were placed in a silica or porcelain boat 
and heated at different temperatures for a period of 
10 to 24 hr. The boat was then rapidly removed 
from the reaction zone to the quenching zone, the 
water-cooled end of the tube, by means of a simple 
magnetic device. The nitrogen content of the prod- 
ucts was determined by the increase in weight of 
the specimens, and the phase analysis was carried 
out by X-ray methods. For this analysis a Guinier- 
type camera, constructed at this Institute, was used 
with a bent, ground quartz crystal monochromator. 
The general reaction, which occurred in all the 
experiments, may be summarized as: 


nitrogen > boron nitride 4+ 
metal nitride 


metal boride 4+ 


For the higher temperatures pure metal was formed 
instead of metal nitride. It is sometimes difficult to 
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detect boron nitride among the reaction products 
by X-ray methods. Prolonged exposures of some 
specimens showed, however, that the strongest re- 
flections of boron nitride were present. Additional 
evidence for its presence was given by the increase 
in weight of the specimens after nitriding. This in- 
crease was always greater than that corresponding 
to nitride formation only and was often in close 
agreement with the formula given above. Finally, 
a white powder, which was shown by X-ray methods 
to be boron nitride, was left if the reaction products 
after nitriding Fe.B at 448°C and FeB at 768°C 
were dissolved in diluted sulphuric acid 
Chromium-Boron-Nitrogen 

Five phases have been found to exist in the Cr-B 
system,’ * and all were used as starting materials. 
Investigations on the Cr-N system have shown the 
existence of two nitrides with ideal composition 
Cr.N and CrN.** The results are summarized in 
Table I. All the borides are attacked and decom- 
posed into chromium nitride and boron nitride, and 
the kind of nitride formed depends only on the 
temperature and not on the boride used as starting 
material. The lowest reaction temperature, however, 
is different for the different borides. Thus the 8 
phase begins to react at about 735°C, the « phase at 
about 800°, the ° phase at about 900°, the » phase 


R. KIESSLING and Y. H. LIU are associated with the Institute of 
Chemistry, University of Uppsala, Uppsala, Sweden. 

Discussion on this paper, TP 3105E, may be sent, 2 copies, to 
AIME by Dec. 1, 1951. Manuscript, March 26, 1951. Detroit Meet- 
ing, October 1951. 


AUGUST 1951, JOURNAL OF METALS—639 


F 

Dy Kie ing ar | j 

j 

i 

7 

ott 

4 

“hs 

: 


Table |. Phases Present After Nitriding of the Chromium Borides in a Dry Ammonia Stream for 10 Hr. All Speci- 
mens Quenched from the Reaction Temperature. The Phases Present after Nitriding Have Been Placed in Order of 


Decreasing Amount in This and the Following Tables Except for Boron Nitride, which Always Has Been Placed Last. 


Tem- 
erature, 
(~CrB) 
552 Cr.B CryB 
735 Cr.B.CrN+ BN 
800 CrN + Cr.N + BN CrN 
900 CrN .Cr,.N+ BN 
954 CrN CryN + BN 
1000 CrN -Cr.N+BN 
1050 CrN + CroN+ BN 
1100 
1180 Cr.N + BN CroN + BN 


und for the nitrides were 


The lattice parameters f« 
Ne 4.148A 


CrNn 4.150 to 4.145A* Blix 
CryN 4.805 to 4.786, « 4.480 to 4.463A* (Eriksson 
No change in lattice parameters was observed for the borides 


* Depending on tem pe 
between 900° and 1000°, and the @ phase at about 
1000°C. It is of interest to note that this increase in 
stability bears a relationship to the crystal structures 
of the borides. The boron atoms in the 6 phase are 
only in contact with metal atoms, but not with any 
other boron atoms.* The structure of the « phase is 
not known; but in the ¢ phase the boron atoms form 
chains; in the » phase, double chains; and in the @ 
phase, hexagonal nets. The boron atoms thus form 
an increasing number of boron-boron bonds with 
increasing boron content of the phases, and the lower 
temperature limit where reaction occurs also seems 
to increase with the number of bonds. The dimen- 
sions of the chromium nitrides formed during the 
reactions are very similar to those reported in the 
literature, Table I. As the radius of boron is con- 
siderably greater than that of nitrogen this indicates 
that the nitrides formed do not contain any boron 


lron-Boron- Nitrogen 
Both the Fe-B’* and the Fe-N systems have 
been investigated. The two iron borides, Fe.B and 
FeB, were used as starting materials, and the results 


are summarized in Table II. The lowest temperature 


Table Il. Phases Present after Nitriding of the Iron Borides in a 
Dry Ammonia Stream for 24 hr Al! Specimens Were Quenched 
trom the Reaction Temperature 


Initial Iron Boride 


Temperature 
Fe.B FeB 
$52 Fe.B FeB 
400 (+ BN FeB BNi™ 
448 «+BN 
BN 
550 «+ BN +¢+BN 
602 Fe + BN «+aFe+BN 
702 xFe + BN 
768 BN aFe+BN 


nitrides of iron according to Higg’s 


The Greek letters denote the 
the different nitrides 


notatior The lattice parameters found for 
were 
2.758, b 4.777, « 4416 ‘Jack: a 2.763 2.761, 
b 4.828 4.830 
4.425A 
‘ : 2.714 to 2.748, b 4.701 to 4.760, « 4.381 to 4.409° 
Jack 76 
4.787 
4 420A 
a 3.789 to 3.795A* ‘Jack 3. 194A 
rFe:a 2 B67A 
No change in lattice parameters was observed for the borides 


* Depending on temperature 
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Initial Chromium Beoride 


” 0 
(CrB) (CrBy) 
CrB CrBy 
CrB CrsBy 
CrB CroBy CrBy 
CrB+(CrN) CroBy 
CrBy 
CrB+CrN+BN CrBy 
CrN + + BN CrN + CryBy CrB, + CrN 
Cr.N) + BN 
Cr.N + BN Cr,.N + BN Cr.N + BN 


a 4.806 to 4.760A 
4.479 to 4.438A 


at which reaction occurs seems to be lower for Fe.B 
(isolated boron atoms) than for FeB (boron chains). 
The products of the reaction are boron nitride and 
those iron nitrides which are stable in streaming 
ammonia at the reaction temperature. Thus the same 
tendency is shown by the iron borides as by the 
chromium borides. The borides seem to be more 
stable if the boron atoms are forming boron-boron 
bonds than if they are isolated, but the difference is 
not so marked in this system. The dimensions of the 
unit cells of the iron nitrides and iron formed in the 
reactions are in close agreement with those reported 
in the literature, Table II]. Therefore the nitrides 
formed in this system do not seem to contain any 
boron either. 
Tungsten-Boron-Nitrogen 

The three known tungsten borides’ were used as 
starting materials. Investigations on the W-N sys- 
tem” have shown the existence of one nitride of 
probable composition W.N, called the 8 phase. The 
results of nitriding are summarized in Table III. In 
specimens nitrided between 825° and 875°C, lines 
of a new phase appeared, which has not been de- 
scribed before. This phase was also found when 
pure tungsten was nitrided. It was called the y phase 
in the W-N system and will be discussed below. 

The marked increase in stability of the borides 
with increasing number of boron-boron bonds, which 
was noted for the chromium and the iron borides, 
is not found in this system. All of them begin to be 
attacked at temperatures between 800° and 900°C 
The parameter of the cubic §-tungsten nitride was 
found to agree with that reported in the literature, 
indicating that the nitride is free from interstitial 
boron in the lattice. 


y Phase, Tungsten-Nitrogen 
Earlier investigations on the W-N system have 
shown the existence of one tungsten nitride, slowly 
formed by nitriding tungsten with ammonia be- 
tween 700° and 800°C.” It has not been possible to 
obtain this phase, called the 8 phase and assumed 
to have the composition W.N, in a pure state. It 
* As a result of a renewed study of the 4 phase in the Cr-B sys- 
tem there is reason to suppose that it has the same structure as the 
phase in the Mn-B system, where boron-boron contacts do not 
appear. In an earlier study,? one of the present authors ‘(R. Kiess- 
ling! suggested that there is a slight difference between the struc- 
tures of these two phases. This assumption was based on differences 


between rotation and Weissenberg photographs which seem to have 
been caused by twinning of the crystals of the Cr-B phase 
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: 


Tempera- 


Table III. Phases Present After Nitriding of Tungsten and the Tungsten Borides in a Dry Ammonia Stream for 10 
Hr. All Specimens Were Quenched from the Reaction Temperature. 


Initial Tungsten Boride 


700 aw WB WB: 
750 aW+8 W.B WB WB; 
800 aW B WB+(W+8+BN) 
825 aW 
850 aW W.B+aW + BN) aW + WB+ +BN) aW + WBe+ BN) 
875 aW 
aW aW+W.B.BN aW + (WB) +BN aW + (WBy) + BN 
1000 aW aW + (W.B) + BN aW+B? 
1100 aW+BN aW+BN 


8 and » denote the known nitride “‘WyN" and the new nitride, respectively 


The lattice parameters were found to be 
a 4.128A (Higg : a 4.126A) 
y:@ 4.130 to 4.122A* 
aW : a = 3.164A 
No change in lattice parameters was observed for the borides 


*Depending on nitriding temperature 


always appears mixed with tungsten. The crystal 
structure is that of a face-centered cubic metal 
lattice with four atoms in the unit cell and a 
parameter of a 4.126A. On nitriding tungsten 
with ammonia at temperatures between 825° and 
875°C, the quenched specimens showed lines of a 
new phase, called the y phase by the present au- 
thors, Tables HI and IV. Its lattice is probably 
closely related to that of the 8 phase, see below. 
The y phase always appeared mixed with tungsten, 
and it was thus not possible to determine its nitro- 
gen content. It probably has a composition close to 
that of the 8 phase (ideal composition W.N), as the 
increase in weight of tungsten was about the same 
when the 8 phase was formed as when the y phase 
was formed (1.6 pct). Some heat treatments were 
carried out in order to study the thermal stability 
of the y phase and the relationship between the 8 
and y phases. The 8 phase, formed at 750°C, was 
transformed to the y phase on heating in a stream 
of ammonia at 850°C for 10 hr. The y phase formed 
at 850°C was decomposed into tungsten and nitro- 
gen on heating at 900°C in ammonia or in evacuated 
silica tubes. All attempts to transform the y to the 
8 phase, however, were unsuccessful. The y phase 
was, for instance, heated at 700°, 760°, and 800°C 
for times up to 36 hr in streaming ammonia or at 
the same temperatures in evacuated silica tubes for 
times up to 24 hr, but no change was observed. It is 
thus impossible to decide from these experiments, 
whether the y phase is a high temperature phase 
which transforms only very slowly to the 8 phase 
at lower temperatures, or a stable phase formed 
with the maximum velocity in streaming ammonia 
between 825° and 875°C, but the former possibility 
is the most probable. 

X-ray investigations show that the y phase gives 
reflections attributable to a simple cubic lattice. 
The length of the unit cell axis varies between the 
limits a = 4.130A at 825°C and a = 4.122A at 875°C, 
indicating an extended homogeneity range. All the 
reflections from a simple cubic lattice were pres- 
ent, but those with unmixed indexes were appre- 
ciably stronger than those with mixed indexes. This 
indicates a close relationship between the face- 
centered 8 phase, which only gives reflections with 
unmixed indexes and an axis of a 4.126A, and 
this new y phase. 

The authors have assumed that the products after 
nitriding at 825° to 875°C consist of two phases, 
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tungsten and the new y nitride. There is also a 
possibility that a mixture of three phases exists, 
namely tungsten, y nitride, and § nitride, and that 
some of the reflections from the 8 and y phases co- 
incide. This assumption is not very probable, how- 
ever, as all the reflections fit exactly into the same 
quadratic form. In addition, there is no indication 
of any extended homogeneity range of the 8 phase 
which would have to exist if some of the reflections 
of the 8 and y phases were always to coincide. All 
the reflections from the nitride formed between 825 
and 875°C therefore have been assumed to belong 
to one phase alone, the new y phase. 

The new reflections are much too strong to be 
considered as due only to an ordered distribution of 
the nitrogen atoms of the 8 phase. Consequently, 
the metal lattice must be deformed so that the face- 
centering disappears. Such a deformation may be 
caused by an ordering of the nitrogen atoms or by 
a change in the nitrogen content. The y phase thus 
might be regarded as analogous to the § phase in 
the Mo-N” and the 4 phase in the Mn-N" systems. 
They are both high temperature phases, closely re- 
lated to the face-centered cubic phases in the Mo-N 
(y) and Mn-N (e) systems, respectively, and are 
formed by a tetragonal deformation of the face- 
centered metal lattices. 

An attempt to determine the crystal structure of 


Table IV. Tungsten-Nitrogen System. Powder Diffraction Lines of 
the y Phase Quenched from 875°C. Cu-K, Radiation. 


a=4.122 a=16.488 a=4.122 a=16.488 


I sin’y I 
hkl hkl | hkl hkl 
w 0350 100 200 w 4546 320 640 
w 0706 110 220 |m 4736 aW 
s 1050 111 222 w— 4898 321 642 
s 1190 aW w 5579 800 
s 1395 200 400i s* aW 
w 1750 210 420 |w— 6291 330 = 
w 2097 211 422 m 6624 331 662 
s 2374 aW m 6973 420 840 
m 2788 220 440 m 7114 aW 
600 5 aW 
w 31% 300 442 w— 8347 422 844 
w 3489 310 620 w 8720 500 f{:1000 
860 
s 3552 aW A 
m 3825 311 622 w— 9078 510 
862 
w 4188 222 444 333 = 


w, weak; s, strong; m, medium. 
* 410 (resp. 820 + 644) coincide with 310 from a-tungsten 
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Table V. y Phase, Quenched from 875°C 


Structure factor values for the limits of the parameter (1c) in 
space group or fer some reflections 


A‘terr= 
kl 
6.23 0.25 Obs 
100 0.24 0 0.24 50 
110 0.004 0 0.004 50 
200 15.3 16 15.3 250 


the new phase was not successful. If it is assumed 
to have four tungsten atoms per unit cell, which is 
very probable because of the close correspondence 
in dimensions between the 8 and phase, and a 
simple cubic lattice, only the space groups Pm3, 
P23, Pm3m, P43, and P43m are possible. Four metal 
atoms forming a noncentered lattice can only be 
placed in these space groups in the fourfold posi- 
tions 4: (e) in P23 and P43m. They both give the 
same arrangement with the coordinates 
rxx; rxrx. For x 14 a face-centered lattice is ob- 
tained, and from space considerations (Tx 1.34) it 
is easily seen that the limits for the parameter are 
0.23 r 0.27. A study of the structure factors 
shows that this arrangement is not in agreement 
with the observed intensities, Table V. The possi- 


bility of a cubic unit cell with an axis of a 2a 
ora 3a must be excluded as some observed lines 


then correspond to numbers in the quadratic form 
which are not sums of squares of integers (28 in the 
former case, 15, 39, and 60 in the latter). A unit 
cell with an axis of a 4a is again possible, how- 
ever, and the indexes of this bigger cell are also 
given in Table IV. The probable space groups for 
this cell are Fm3c, F43c, Fm3, and F23. The struc- 
ture of the metal lattice must be closely related to 
that formed by 64 face-centered cubic cells, each 
with a 4.130 to 4.122A and four metal atoms per 
unit cell. It is possible to place 256 atoms in posi- 
tions corresponding to such a structure in the space 
groups mentioned, but the task of varying the 
parameters in a systematic way to obtain a deformed 
structure giving the observed intensities is too diffi- 
cult when only powder data are available 

The symmetry might also be tetragonal or still 
lower. No indication of splitting up the reflections 
was observed, hewever, and thus the ratio c/a must 
be equal or nearly equal to an integer. This case, 
although possible, is not very plausible 

The possibilities of a defect lattice with missing 
tungsten atoms or a lattice where tungsten atoms 
are replaced by nitrogen atoms are not conceivable 

Summing up the different possibilities discussed, 
the most probable, in the opinion of the authors, is 
a cubic cell containing 256 tungsten atoms with posi- 
tions nearly corresponding to a cubic close-packing 


Discussion 


The present results indicate that the formation of 
boron nitride is a deceivable factor in the reaction 


metal boride nitrogen ~ metal nitride 


boron nitride 


Boron nitride is a very stable compound with a high 
melting point. Its lattice is similar to that of 
graphite, consisting of hexagonal nets where each 
boron atom within a net is in contact with three 
nitrogen atoms and each nitrogen atom with three 
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boron atoms. A B-N pair has the same number of 
electrons as two carbon atoms and the nets are 
probably formed by strong resonating B-N bonds 
The fact that the stability of the chromium and iron 
borides in ammonia increases with increasing num- 
ber of boron-boron contacts is of interest and sup- 
ports the assumption that strong boron-boron bonds 
exist in the higher borides. 

It is also of interest to note that the 6 phase in the 
Cr-B system is attacked at a considerably higher 
temperature than Fe.B, and that the = phase in the 
Cr-B system is more stable against attack than FeB 
Although 6 Cr-B and Fe,B, as well as = Cr-B and 
FeB, are not isomorphous, their structures are 
closely related and the results consequently sup- 
port the view that the strength of the metal-boron 
bond decreases with increasing atomic number of 
the transition element in the same period. This de- 
crease has also been noted for the metal-hydrogen, 
metal-carbon, and metal-nitrogen bonds. The sta- 
bility of hydrides, carbides, and nitrides decreases 
with increasing atomic number of the transition 
element in a period. 


Summary 


The borides of chromium, iron, and tungsten have 
been treated with ammonia at different tempera- 
tures. They are all attacked and form metal nitride 
and boron nitride. For the chromium and iron 
borides, the stability in ammonia increases with in- 
creasing boron content, which supports the view 
that strong boron-boron bonds exist in the higher 
borides 

In the W-N system a new phase (y) has been 
observed. It is formed at nitriding temperatures 
between 825° and 875°C and is probably closely 
related to the already known § phase. All the re- 
flections observed may be interpreted assuming a 
cubic cell with a 4.130 to 4.122A (depending on 
nitriding temperature) and containing 4 tungsten 
atoms. There are reasons to assume that the real 
unit cell of this phase is cubic and contains 256 
tungsten atoms (cube edge 4a) in positions 
nearly corresponding to a cubic close-packing 

The investigations also support the view that the 
strength of the metal-boron bond decreases with 
increasing atomic number of the transition metal in 
the same period. 
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Effect of Alloying Elements on the Elevated Temperature 


Plastic Properties of Alpha Solid Solutions of Aluminum 


Solid solution alloying increases the plastic properties of aluminum at 
elevated temperatures by solid solution strengthening, by restraining re- 
covery and recrystallization, and by a Cottrell effect. When binary alumi- 
num alloys are strained and aged at 194° to 300°K they develop a yield 
point. This is attributed to a migration of dislocations to solute atoms 

during aging. 


N view of the ever expanding interest in applica- 

tions of metals and alloys to high temperature 
service conditions, it becomes increasingly impor- 
tant to be cognizant of the effect of various metal- 
lurgical factors on the strength of alloys at elevated 
temperatures. One problem of wide interest, not 
only because of its engineering significance but also 
due to its fundamental scientific importance, is the 
elucidation of the effect of alloying elements on the 
plastic properties of homogeneous a solid solutions 
at elevated temperatures. It is indeed astonishing 
to note that in spite of its importance, and in spite 
of extensive random testing of alloys at elevated 
temperatures, no systematic investigation has been 
reported yet on the effect of alloying additions on 
the plastic properties of a solid solutions at elevated 
temperatures. This deficiency in our knowledge 
prompted the investigation described in this report. 

Rather extensive data are currently available on 
the effect of alloying elements on the plastic prop- 
erties of a solid solutions at atmospheric and sub- 
atmospheric temperatures. Such data might be ex- 
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trapolated to higher temperatures and reasonable 
guesses might be made regarding the influence of 
such factors as recovery and recrystallization in 
order to hazard a qualitative estimate of the effect 
of alloying elements on the plastic properties of «8 
solid solutions at elevated temperatures. Such 
Table |. Chemical Analyses and Grain Size of Alloys 


Chemical Analyses 
(Wt Pet Impurities) 


0.003 0.003 0.006 


0.554 5 0.003 0.003 0.007 
1.097 0.004 0.004 0.007 
1617 5 0.003 0.004 0.006 
3.228 0.003 0.004 0.007 


0.004 0.0006 0.001 
0.004 0.0007 0.001 
0.0006 0.001 
0.0006 0.001 


0.029 0.003 
0.054 0.003 
0.101 0.003 0.003 
0.233 q 0.003 0.004 


0.211 3 0.004 0.004 5 0.001 
0.402 0.004 0.005 5 0.001 
0.755 3 0.004 0.005 0.001 
1.616 26 0.003 0.005 0.007 0.001 


0015 0.004 0.004 0.006 0.001 
0.033 J 0.004 0.004 0.006 0.001 
0.082 Z 0.003 0.005 0.007 0.001 
0.145 26 0.003 0.006 0.007 0.001 


0.025 q 0.003 0.005 0.006 0.001 
0.053 ‘ 0.003 0.005 0.006 0.001 
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SYMBOL 


Fig. 1—Effect of magnesium on the 
work hardening of aluminum at 78°K 


« 


TRUE 


TRUE STRAIN 


Fig. 3—Effect of magnesium on the 
work hardening of aluminum at 194° K 


guesses would indicate the recognized factors of 
importance in the plastic properties of homogeneous 
alloys at elevated temperatures and would pre- 
scribe the interesting variables to be considered in 
studying the problem more thoroughly. If such 
guesses prove to be fairly accurate the need for de- 
tailed research on the elevated temperature plastic 
properties will be much reduced 

It is quite possible, however, that other factors, 
not so widely recognized, may also prove to be im- 


portant in affecting the elevated temperature plastic 


properties of alloys. The following investigation 
was therefore undertaken in order to evaluate more 
completely the effect of various factors on the solid 
solution strengthening of alloys at elevated tempera- 
tures. Aluminum was selected as the solvent in 
view of the extensive correlatable data now avail- 
able on its plastic properties at low temperatures 
The general principles uncovered in this investiga- 
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Fig. 2—Effect of magnesium on the 
work hardening of aluminum at 116 K 


STRESS -1000 PS) 


TRUE 


TRUE STRAIN 
Fig. 4—Effect of magnesium on the 
work hardening of aluminum at 293° K 


tion, however, are probably applicable to other sys- 
tems using higher melting solvents 


Materials and Method 


The compositions and grain sizes of the alloys 
used in this investigation are given in Table I. Each 
alloy was homogenized, cold rolled, and then re- 
crystallized to give about the same grain size. The 
details of these treatments are recorded in a previ- 
ous publication 

The tensile stress-strain curves for the alloys at 
elevated temperatures were obtained by means of 
equipment that has been described in the literature. 
Strains were determined to a precision of better 
than +0.001 and the stresses were measured to an 
accuracy of about +25 psi. All tests, except where 
otherwise specified, were conducted at an average 
strain rate of about 0.118 per min 

Elevated temperatures were obtained by placing 
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Fig. 5—Effect of magnesium on the 
work hardening of aluminum at 422°K. 
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Fig. 7—Effect of magnesium on the 
work hardening of aluminum at 650°K. 


a three element electric resistance furnace about 
the specimen. The upper, central, and lower zones 
of the furnace were each controlled independently 
by means of three commercial indicating controllers. 
A stainless steel liner 2% in. in diam and 15 in. long 
was inserted in the center of the furnace in order 
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Fig. 6—Effect of magnesium on the 

work hardening of alumi at 550°K. 
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Fig. 8—Effect of magnesium on the 
work hardening of aluminum at 750°K. 


to further assure rather uniform temperature over 
the length of the specimen. Temperatures at three 
points along the 2-in. gage section of the specimen 
were measured during the test with iron constantan 
thermocouples bound to the specimen by means of 
flexible glass cord. Variations of temperature along 
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Fig. 9—Effect of test temperature on the tlow 
stress of Al-Mg alloys for a true strain of 0.05 


the length of the 


*1°C during any one test 


specimen were held to less than 


Experimental Results 
The most pronounced effects of alloying addi- 
tions on the elevated temperature tensile properties 
of a solid solutions in aluminum were exhibited by 
the Al-Mg alloys. The true stress-true 
train curves for these alloys over the range from 
78 to 750 K are given in Figs. 1 to 8 
The point at which the maximum load was ob- 
erved is shown by the solid symbol on each curve 
At the lower temperatures of 78° to 298 K, speci- 
mens of all of the alloys began to develop a neck at 
this point. At the higher temperatures of 422°K 
and above, however, necking did not occur when the 
Consequently, the 


series of 


maximum load was reached 


true stress-true strain curves at 422°K and above 
were obtainable beyond the point of maximum load 
The tre 


-strain curves given in Figs. 1 to 8 re- 
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Fig. 10—Effect of test temperature on the flow 
stress of Al-Cu alloys for a true strain of 0.05 
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veal that the effect of alloying additions on the 
plastic properties of a solid solutions is dependent 
on the temperature of testing. At temperatures of 
about 298°K and below, magnesium additions result 
in appreciably higher stress-strain curves than 
those obtained for the pure aluminum. At the 
highest test temperature of 750°K, the alloying 
additions of magnesium had only a minor effect on 
the plastic properties of aluminum. The greatest ef- 
fect of alloying is clearly seen to occur in the inter- 
mediate ranges of temperature from about 298° to 
about 422°K for the Al-Mg series of alloys. Similar 
trends also were observed for the remainder of the 
alloys that were investigated. 

The temperature dependence of alloy strengthen- 
ing upon additions of magnesium to aluminum is 
revealed more effectively in Fig. 9. In this diagram 
the flow stress at a fixed strain of « 0.05 is plotted 
as a function of the temperature for each magnesium 
alloy of the series, including pure aluminum. The 
strengthening of aluminum due to additions of 


o> 


Fig. 11—Effect of test temperature on the flow 
stress of Al-Zo alloys for a true strain of 0.05 


magnesium is quite substantial over the range from 
78° to 298 K. At 700°K, however, the strengthening 
due to magnesium additions is small and becomes 
negligible at about 750°K. The maximum effect of 
alloying additions on the strengthening of alumi- 
num, however, occurs over an intermediate range 
of temperatures from about 300°K to about 425°K. 
Similar data for the remainder of the alloys are 
given in Figs. 10 to 13. Although all of the alloys 
showed similar trends, the effects were much less 
pronounced than those of the magnesium series 


Discussion of Results 
The data reported under Experimental Results 
reveal that the strengthening of aluminum due to 
alloying additions is dependent on the test tempera- 
ture. Apparently many factors contribute to this 
dependency and it wiil prove interesting to attempt 

to identify the most important ones 
Consider first the range of temperatures from 
that of liquid nitrogen (78°K) to that at which re- 
covery first appears to have a significant effect on 
the tensile stress-strain curve (about 300°K for 
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pure aluminum.) In this range of temperatures the 
plastic properties of alloys are probably ascribable 
to two factors. The first consists of the increase in 
the initial flow stress due to alloying. This will be 
represented by Ao., the solid solution strengthening, 
which is equal to (ox:i0y 61), the flow stress of 
the alloy minus that for pure aluminum, where both 
are measured at the same temperature and at in- 
finitesimally small plastic strains. At greater strains, 
however, a second factor, namely the difference in 
strain hardening of the alloy and pure aluminum, 
enters the analysis. As shown in Figs. 1 to 4, alloy- 
ing elements not only increase the initial flow stress 
but they also induce greater rates of strengthening 
with strain resulting in higher slopes of the stress- 
strain curves of the alloys than of pure aluminum 
when the curves are compared at the same tempera- 
ture and strain. Thus at some given plastic strain 
larger than zero, the improvement in the plastic 
flow stress upon alloying (4.::.. — o.:),“is due to the 
increase in the initial flow stress resulting from 
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Fig. 12—Effect of test temperature on the flow 
stress of Al-Ge alloys for a true strain of 0.05 


solution strengthening Ac., plus the increase in the 
flow stress of the alloy over and above the increase 
in the flow stress of pure aluminum upon strain 
hardening, namely 

A preliminary guess based on the hypothesis of 
dislocations can be made as to how Ao, varies with 
temperature. Solid solution strengthening is visu- 
alized as arising from the interaction forces between 
a dislocation and the solute atoms in the alloy. A 
major part of the interaction force is attributable to 
the internal stress fields surrounding the disloca- 
tion and the solute atoms. It also appears that part 
of the interaction force might have an electronic 
origin as revealed by the fact that solid solution 
hardening is dependent not only on the local lattice 
strains induced by the solute atoms but also on the 
difference in valence of the solute and solvent 
atoms.’ Cottrell’* has shown that the interaction 
force arising from the elastic strain energy inter- 
action of a dislocation and a solute atom is propor- 
tional to the shear modulus of elasticity according 
to the relationship: 
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Fig. 13—Effect of test temperature on the flow 
stress of Al-Ag alloys for a true strain of 0.05. 


where, G is the shear modulus of elasticity; », 
Poisson's ratio; r, the atomic radius of the solvent; 
« the local lattice strain due to the introduction of 
the solute atom; R, the distance between a solute 
atom and a dislocation; and A, the strength of the 
dislocation (shear displacement when a unit dis- 
location traverses the crystal). 

Cottrell’s equation is admittedly an approxima- 
tion to the facts, insofar as it is invalid for values 
of R approaching atomic dimensions and also be- 
cause it is based on the interaction between a single 
solute atom and a single dislocation, whereas it is 
widely applied to solid solutions containing many 
atoms and dislocations. On the other hand, it prob- 
ably gives a satisfactory qualitative, though dis- 
torted, picture of the facts. 

In a pure metal R is infinite and F is zero. As 
alloying elements are added, however, the average 
value of R between the solute atoms and the dis- 
locations decreases giving significant interaction 
forces F. If the alloy and the pure metal contain 
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Fig. 14—Effect of strain and temperature on the increase in 
flow stress upon alloying aluminum with 1.618 atomic pct Mg. 
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Fig. 15—Effect of test temperature on the flow stress 
of 3.2 pet Mg in aluminum alloy for various strains 


about the same density and distribution of disloca- 


tions, the increase in the initial flow stress upon 
alloying, 4o., is primarily ascribable to the increase 
in F upon alloying. At higher test temperatures, 


however, F decreases because the shear modulus G 
decreases with increase in temperature. Conse- 
quently, io. should decrease with increasing tem- 
perature. This deduction is in part confirmed by 
the data shown in Fig. 14 for (4s:i0..—oa:), at 


0.005. At such small strains Ao, is small and, there- 
fore, Ao (a, o.). The decrease in (ui:0, 
o.), for « 0.005 with increasing temperatures 


therefore suggests that 1o. decreases with increasing 
tempe-atures. Confirmation that Ao. is small at 
elevated temperatures is shown in Figs. 9 to 13. At 
the highest test temperatures where the alloys and 
pure aluminum recover extremely rapidly during 
the test, the flow strength of the alloys is not sig- 
nificantly greater than that for pure aluminum 
These strongly suggest that a solid solution 
alloying is not particularly effective in improving 
the strength characteristics of a metal for applica- 
tion at temperatures well above the recovery tem- 
perature of the alloy. Other methods of strengthen- 
ing, such as the introduction of intermediate phases, 
may prove more useful for strengthening in this 
range of temperatures 

The strain hardening of metals is commonly as- 
cribed to the interaction forces between dislocations 
Since alloying additions promote greater rates of 
strain hardening, it is consistent to assume that this 
is due to the more rapid accumulation of disloca- 
tions in the alloy than in the pure metal. The data 
of Figs. 1 to 8 reveal that the rate of strain harden- 
ing of aluminum and its a solid solutions decreases 
with increasing temperatures, suggesting that the 
rate of accumulation of dislocations is less at the 
higher temperatures. The data of Fig. 14 show that 
(Gatioy — Oar) As, + Ao, increases for strains above 


data 
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0.025 with increasing temperatures. Since Ao, de- 
creases with increasing temperatures, oc, must, 
therefore, increase with increasing temperatures. 
This suggests that the accumulation of dislocations 
upon straining decreases less rapidly with increase 
in temperature in the alloys than in pure aluminum. 
The detailed explanation of these observations is not 
yet clear to the authors. The practical significance 
of the observations, however, is obvious. Alloying 
additions primarily influence Ao, at low tempera- 
tures, whereas they primarily influence Ao, at high 
temperatures within the range where recovery is 
negligible. In fact, if an extrapolation of the data 
of Fig. 14 to 0°K be attempted, it appears as if the 
curves for various strains will coincide at about 
4800 psi, suggesting that alloys of aluminum will 
strain harden no more rapidly than pure aluminum 
at the absolute zero temperature. At this tempera- 
ture the flow stress of 1.62 atomic pct Mg alloy will 
exceed that for pure aluminum by about 4800 psi 
for all strains, whereas, at 300°K and a strain of 
0.15, the flow stress for the same alloy will exceed 
that for pure aluminum by about 11,700 psi. Since 
the flow stress for aluminum decreases rapidly with 
an increase in temperature, these differences be- 
come yet more pronounced when they are based on 
a percentage basis. 

Previous investigations have shown that pure 
aluminum begins to exhibit rapid recovery at just 
about 300°K.* The data shown in Figs. 9 to 13 reveal 
that the stress-temperature curves of aluminum for 
a strain of 0.05 drops slightly in this range, indica- 
tive that recovery is occurring during the test. Pre- 
sumably the rapid decrease in the flow stress with 
increasing temperature shown for the Al-Mg alloys 
in Fig. 9 at about 425°K is also indicative of rapid 
recovery during the test. Further evidence of this 
contention is revealed by the data recorded in Fig. 
15, where it is noted that the temperature at which 
the flow stress first begins to decrease with increas- 
ing temperature is displaced to lower temperatures 
for the higher strains. Obviously for the strain rate 
employed in these tests, the 3.2 pect Mg alloy had 
recovered to the same flow stress for all recorded 
strains at about 650°K. 

The remainder of the alloys also exhibit the same 
general trends of a rapid decrease in the flow stress 
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Fig. 16—Effect of test temperature on the flow stress 
of various aluminum alloys for a true strain of 0.05. 
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with increasing temperature in the recovery range 
of temperatures. The temperature at which the 
rapid decrease in flow stress first occurs appears to 
be practically independent of the concentration of 
the alloying elements in any one series of alloys as 
revealed in Figs. 9 to 13. On the other hand, as 
shown in Fig. 16, the temperature at which a rapid 
decrease in flow stress occurs with increasing tem- 
perature is sensitive to the particular alloying ele- 
ment that is present. In this respect the various 
alloying elements appear to have a unique effect on 
the plastic properties at elevated temperatures. 

The effect of alloying elements on the plastic 
properties of aluminum alloys is particularly in- 
teresting over the intermediate range of tempera- 
tures from about 300° to 425°K. In this range the 
stress-temperature curves exhibit a plateau and, 
as shown in Fig. 15 for a strain of 0.025, in some in- 
stances actually reveal a hump. These data appear 
to suggest that the alloys are undergoing precipita- 
tion hardening over this intermediate range of 
temperatures in spite of the precautions exercised 
in selecting the compositions to be below the solu- 
bility limit at about 100°C as given by the best data 
currently available. Errors in extrapolation of the 
solubility data to atmospheric temperature could 
have been made, so that the highest composition of 
each alloy series might have exceeded the solubility 
limit. But it is quite inconceivable that the lowest 
compositions, which revealed identical trends, were 
also supersaturated. Nevertheless tests were made 
to ascertain whether precipitation had occurred. In 
view of the possible insensitivity of lattice parameter 
data and microscopic methods of detection, mechani- 
cal tests were considered to be more sensitive in- 
dexes of precipitation. 

The planned test consisted of prestraining an al- 
loy about 0.05 at 194°K, unloading, and then aging 
for 5 min at successively higher temperatures, fol- 
lowing which the specimen was again to be mechan- 
ically tested at 194°K. It was anticipated that if 
precipitation were responsible for the observed 
plateaus in the stress- temperature diagrams of the 
alloys, the stress-strain curve at 194°K, following 
a prestrain and an aging treatment at some appro- 
priate temperature, would lie above the stress-strain 
curve for the same alloy when the test had not been 
interrupted for aging. 

The various stress-strain curves that were ob- 
tained on the 3.2 pet Mg alloy are recorded in Fig. 
17. Curve A reveals that 5 min of aging at 194°K, 
following a prestrain at 194°K, had practically no 
effect on the stress-strain curve at 194°K. After 
aging for 5 min at 250°K, however, a distinct yield 
point was observed. This yield point became very 
pronounced following aging at about 295°K. But 
the yield-point effect was transient since after the 
yield phenomenon, the stress-strain curve of the 
aged material again coincided with that for unaged 
specimens at the same total strain. Thus, it was 
assumed that no real precipitation had occurred. 
After aging for 5 min at 371°K, however, the yield- 
point effect was reduced and the stress-strain curve 
after yielding fell below that for the unaged alloy, 
indicating that recovery had occurred during aging 
at this elevated temperature. 

The absence of evidence for real precipitation and 
the introduction of a yield point upon appropriate 
aging suggested a strong parallelism between these 
data and that obtained upon the strain aging of 
steels.”** It was, therefore, considered possible that 
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during aging the solute atoms might have migrated 
toward the dislocations under the interaction forces 
described by Cottrell, solutes larger than the solvent 
diffusing toward the expanded half of the disloca- 
tions and solutes smaller than the solvent diffusing 
toward the contracted regions of the dislocations. 
The interaction forces between the dislocations and 
the atmosphere of solute atoms which concentrated 
in its environs during aging would then be higher 
than in the homogeneous a solid solution. Conse- 
quently, a higher than normal stress would be re- 
quired to cause the dislocations to move after ap- 
propriate aging treatments. But once the disloca- 
tions have been displaced from their atmospheres, 
they again move in a more or less homogeneous 
dispersion of solute atoms and the flow stress again 
reduces to the usual value obtained for the unaged 
material at the same total strain. 

One major difficulty with the above explanation 
of the strain-aging phenomenon centers about the 
small rates of diffusion of the solute atoms at the 
aging temperature. This will be discussed later. On 
the other hand, a Cottrell effect of this type could 
serve to explain the observed plateau in the stress- 
temperature diagrams even in the absence of pre- 
cipitation. For example, at low temperatures the 
solute atoms cannot diffuse sufficiently rapidly to 
migrate with the dislocations. The increase in the 
flow stress of the alloy over that for the pure alumi- 
num is then attributable primarily to the solution 
strengthening, Ac., resulting from the interaction 
forces between the dislocations and the randomly 


, dispersed solute atoms plus the effect of the in- 


creased rate of strain hardening Ao,, that occurs in 
the alloy. Although the second factor increases with 
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Fig. 17—Effect of strain-aging treatments on the true stress-true 
strain curve of 3.2 atomic pct Mg in aluminum alloy at 194°K. 


AUGUST 1951, JOURNAL OF METALS—649 


AS 
dit 
i 
| 
| 
j 
> 
* ~ 
25,000 
p Pg 
‘ 15,000 A | 
| 
3 : 
10,000 
$000 


24,000 | €, 0 00000049/SEC T 
* 0.000 206/SEC 
a 
o 
fe 
F 
te 
S000 
a 


o¢ 
TRUE STRAIN 


Fig. 18—Effect of strain rate on work 
hardening of pure aluminum at 295 °K 


increasing temperatures, the first factor decreases 
with increasing temperatures. As higher test tem- 
peratures are used, the diffusivity of the solute 
atoms increases and finally reaches a value which 
permits their migration with the dislocation under 
the interaction forces that exist. When this occurs, the 
flow stress must be sufficiently great to continuously 
exceed the additional interaction forces between the 
dislocations and their atmospheres. Consequently, 
over some range of temperatures, the flow stress 
will decrease less rapidly than normal, leading to a 
plateau in the stress-temperature diagram which 
will be terminated at higher temperatures where 
rapid recovery occurs. Thus, the increase in the 
flow stress at high temperatures upon alloying is the 
increase in the flow stress due not enly to the dis- 
locations moving through a solid solution, to, + Ao,, 
but also to the increase in flow stress Jo. due to the 
fact that the solute atoms can migrate with the dis- 
location 

A critical experimental check on the abov?-out- 
lined proposal for the cause of the plateau in the 
stress-temperature diagram is easily obtained. In 
general, an increase in strain rate causes an increase 
in the flow stress as shown in Fig. 18 for pure alumi- 
num at 295°K. If the plateau that is obtained in the 
stress-temperature diagram is ascribable to a Cot- 
trell effect, it follows that over the lower tempera- 
ture range of the plateau, the atoms have just suffi- 
cient diffusivity to migrate with the dislocations. If 
either the temperature were reduced or the strain 
rate were increased, the solute atoms could no 
longer keep up with the moving dislocations. At a 
low strain rate at this critical temperature, for ex- 
ample, the solute atoms would migrate with the 
dislocations causing the increase in flow stress due 
to alloying to be Ao Ao, + 1o., whereas at the 
higher strain rates the solute atoms could no longer 
diffuse with the dislocations, and, consequently, the 
increase in flow 
+ Ao 


stress due to alloying would be only 
where Ao; is the increase in the 
Thus, 
an increase in strain rate, at some appropriate tem- 
perature, might result in a decrease in the flow 
stress, if Jo. is greater than the strain rate effect 
\a;, Since this is contrary to the usual effect of 


flow stress due to an increase in strain rate 
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strain rate on the flow stress, it serves as a critical 
evaluation of the hypothesis. As shown in Fig. 19 
the 3.2 atomic pct Mg alloy experiences a decrease 
in flow stress at 295°K with an increase in strain 


rate as predicted by a Cottrell effect. The large 
number of overlapping points on the fast strain 
rate curve are due to the fact that the load increased 
in a step-like manner for the given constant strain 
rate employed. Maximum and minimum load read- 
ings were observed and plotted in the figure. This 
occurrence is very similar to the process of deforma- 
tion observed in aluminum alloys by McReynolds" 
and also Lubahn. 

Additional evidence that favors the hypothesis 
that the observed plateaus in the stress-temperature 
diagrams of the various aluminum alloys is attrib- 
utable to a Cottrell effect might be obtained by cal- 
culating the density of the edge dislocations per 
square centimeter of the face of a unit cube of the 
alloy. If » is the density of the active edge-type 
dislocations per square centimeter of a unit cube of 
the alloy, the shear strain rate is: 


- AUp [2] 


y 


where, « is the tensile strain rate; v, 
velocity of the dislocations; and A, the shear dis- 
placement per dislocation. 

When the solute atoms diffuse just fast enough 
to keep up with the moving dislocations, the stream 
velocity of diffusion is just equal to the velocity v 


the average 


of the dislocations. It is possible, of course, that a 
Cottrell effect might also be noted when the velocity 
of streaming of the atoms is yet slightly below the 
mean velocity of the moving dislocations. This 
would give a slightly higher flow stress than in the 
complete absence of streaming, because many dis- 
locations would carry the solute atoms with them 
over short distances. Thus, the critical velocity v 
of the motion of the dislocations for a Cottrell effect 
might be slightly larger than the streaming velocity 
of the solute atoms wv’ under the interaction energy 
between the solute atoms and the dislocations. Cot- 
trell assumed that the streaming velocity wv’ 
by the Einstein eq iation: 


is given 
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Fig. 19—Effect of strain rate on work hardening 
of 3.2 atomic pct Mg in aluminum alloy at 295°K. 
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D 
kT 
where, D is the diffusivity of the solute atoms; k, 
Boltzmann's constant; T, the absolute temperature; 
and F, the interaction energy between an atom and 
a dislocation (eq 1). 

If »' approaches the order of magnitude of v, a 
Cottrell effect will be observed, and under these 
conditions: 


F [3] 


14] 


The following data might be taken to estimate the 
value of F given in eq 1: 


G 2.65x10" dynes per sq cm 

v = 0.33 

r = 1.43x10° cm 

A = 2.86x10°cm 

€ 0.09 

R = 5x10°cm. 
The value of « was estimated from the change in 
lattice parameter from 4.0413A to 4.0449A upon the 
addition of 1 atomic pct Mg to aluminum. Then 

a 4.04 

was estimated by assuming a random distribution 
of the magnesium atoms in the 3.2 atomic pct Mg 
alloy. Since there are 4 atoms per unit cell in 
aluminum the volume surrounding a magnesium 


100 \ a’ 
atom would be | —— y where p is the atomic 
p 


€ 


percentage of magnesium. The mean distance, R, 
between any dislocation and an atom is then given 
by: 


4/32R — 


Introduction of 3.2 for p and 4.04x10° cm for a gives 
R 5.0x10° cm. Of course, the data reveal that 
the initiation of the plateau in the stress-tempera- 
ture diagrams occurs at approximately the same 
temperature for all compositions, suggesting that 
this estimate is not critical. Latroducing these values 
into eq 1 reveals that F 10° dynes. 

In order to estimate p from eq 4 the following 
data were assumed: 


= between 0.4x10° to 190x10” per sec 
(from Fig. 19) 


T 295°K 

k 1.38x10 “ dyne-cm per degree 
A 2.86x10° cm 

j 10° dynes 

D 5x10 * to 5x10 * sq cm per sec. 


The values of D for magnesium were obtained by 
extrapolating from ordinary diffusivity data at 
elevated temperatures to atmospheric temperature. 
The wide range of values quoted above for D results 
from differences in the activation energies of mag- 
nesium in aluminum reported by various investi- 
gators.” It is conceivable that the correct value of 
D to be applied to the cold-worked Al-Mg alloy is 
several orders of magnitude greater than the extra- 
polated values. When the above values are intro- 
duced into eq 4 the values of p range from ,p,,,, 
5x10° per sq cm to puss 3x10" per sq cm. Obvi- 


ously pw». is much too large. On the other hand, 
Poi. begins to approach the value of p of 10” quoted 
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Fig. 20—Effect of a strain-aging treatment on the true stress-true 

strain curve of 3.2 atomic pct Mg in aluminum alloy at 194°K 


by Seitz and Read" for severely cold-worked metal. 
If the actual diffusivities in the cold-worked metal 
could be about 5000 times those for the annealed 
state, puoi, Would reduce to about 10” in fair agree- 
ment with the estimate made by Seitz and Read. It 
appears, however, that several improvements in 
analysis and data will have to be made before quan- 
titative agreement between theory and experiment 
can be achieved in this field. 

Although the decrease in flow stress resulting 
from an increase in strain rate is probably ascrib- 
able to the fact that the solute atoms cannot diffuse 
sufficiently rapidiy to migrate with the dislocations, 
it is by no means certain that the yield-poit 
phenomenon upon aging is also attributable to the 
diffusion of the solute atoms to the dislocations. It 
is quite possible that the dislocations might migrate 
with greater ease toward the solute atoms during 
aging than the solute atoms can migrate toward the 
dislocations. If the solute atoms were diffusing 
toward the dislocations, the activation energy for 
the yield-point phenomenon would be that for the 
diffusion of the atoms, but if the dislocations were 
more mobile than the solute atoms the activation 
energy for the strain-aging process should be that 
for the activation of dislocations. Inasmuch as dis- 
locations are activated during recovery at 298°K in 
pure aluminum, whereas the rate of migration of 
solute atoms is quite low at this temperature, pref- 
erence must be expressed for the process involving 
the migration of dislocations to account for the ob- 
served yield-point phenomenon. This preference is 
emphasized by the data shown in Fig. 20. Careful 
prestraining at 194°K at a slow strain rate of 
€ 0.0064 per min, unloading, aging at 194°K for 
420 min, and then continuing the straining at 194°K 
gives a well-defined yield point. At this temperature 
the diffusivity of magnesium in aluminum is about 
10™ sq cm per sec, strongly suggesting that the yield 
point induced by strain aging cannot be ascribed to 
the migration of the solute atoms. The values of the 
yield-point hump Ao, which is defined in Fig. 20, 
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were obtained at 194°K after aging for various 
times and temperatures as shown in Fig. 21. Cal- 
culations based on these data suggest that the ac- 
tivation energy for the aging process is indeed low 
No single activation energy, however, could be 
found. For small values of \o a low average activa- 
tion energy of about 8000 cal per mol was obtained 
The average activation energies for higher values of 
\o were estimated to be about 10,000 cal per mol, 
and vet higher values of Jo suggested average ac- 
tivation energies of about 15,000 cal per mol. Since 
these values of the activation energy are less than 
half of the accepted values of activation energy for 
diffusion of magnesium in aluminum, the aging 
process cannot be attributed to diffusion of mag- 
nesium. These trends of increasing activation ener- 
gies for increasing values of Jo are highly reminis- 
cent of the variation in activation energies for 
recovery which were previously reported It ap- 
pears as if the smaller loops of the dislocations 
which have lower activation energies migrate 
rapidly and subsequently the more difficultly acti- 
vated dislocation loops are induced to migrate to 
the solute atoms. Thus, the mean activation energy 
for the steadily increases as the process 


proceeds 


process 


Conclusions 

1—-The effect of various alloying elements on the 
plastic properties of a solid solutions of aluminum 
at elevated temperatures was studied 

2—The solid solution strengthening of the an- 
nealed metals decreases with increasing temperature 
as predicted by the dislocation theory 

3—On the other hand, the alloys exhibited greater 
relative rates of strain hardening than aluminum as 
the test temperature was increased 

4—Solid solution alloying is not very effective in 
improving the flow strength of aluminum at high 
temperatures where both the pure aluminum and 
the alloy recover rapidly 

5—In an intermediate range of temperatures from 
300° to 425°K, the alloys showed the most pro- 
nounced improvement in flow stress over that for 
pure aluminum 

6—Some of this improvement was attributed to 
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the restraint offered by the alloying elements to 
recovery. 

7—The major factor causing solid solution hard- 
ening in the intermediate range of temperatures, 
however, was shown to arise from the migration 
of the solute atoms with the dislocations as postu- 
lated by Cottrell. 

8—When aluminum alloys are aged after strain- 
ing, they develop a yield point. This occurs even 
when the straining and aging is done at 194°K and 
is probably attributable to the migration of disloca- 
tions to the solute atoms. 
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Structural Studies of Plastic Deformation 


In Aluminum Single Crystals 


K. Chen 


and 


Single crystals of high purity aluminum of various orientations 
were carefully documented after plastic extension. Special attention 
was given to the formation of slip lines, deformation bands, and 
asterism. An explanation for the geometry and mechanism of forma- 

tion of deformation bands is considered. 


HILE the general process of plastic extension 

of face-centered cubic metals is well under- 
stood,’ the accompanying structural changes due to 
slip and rotation are far more complex than ordi- 
narily assumed.** In the case of stretched single 
crystals of aluminum, the complicated behavior is 
especially marked by the formation of deformation 
bands, as first indicated by Collins and Mathewson.° 
Such bands were believed by them and also by 
others,” ' who have discussed banded structure in 
general, to represent one of the important modes of 
lattice reorientation and to be intimately connected 
with the recrystallization process. Yet, despite their 
fundamental importance to the understanding of the 
mechanism of both plastic deformation and recrystal- 
lization, practically no siudy of the crystallographic 
features of these bands in their relationship to the 
conventional slip process has been attempted. 

This paper describes part of an extensive investi- 
gation on the structural behavior during plastic de- 
formation of aluminum single crystals and is espe- 
cially concerned with the characteristics of deforma- 
tion bands. The investigation of the subsequent re- 
crystallization of deformed aluminum single crystals 
will be discussed in a later publication. 


Experimental Procedure 
Single crystal specimens of 99.996+ pct pure 
aluminum, % in. in diam and 5 to 6 in. in length 
were made both by the Bridgman method’ and by a 
modified temperature gradient method.”* 
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Crystals were selected in which the lineage devia- 
tion did not exceed 2°; i.e., as determined from the 
back-reflection Laue X-ray photograms. These crys- 
tals were radiographed to insure that no internal 
porosity was present. The orientations showed good 
coverage of the whole area of the Taylor and Elam 
triangle.’ Orientations of the crystals were obtained 
by the back-reflection Laue technique described by 
Greninger." 

Crystals so selected were tapered very carefully in 
a lathe to obtain a linear decrease in diameter from 
0.500 to 0.350 in. along a gage length of 3 in. This is 
considered desirable because it permits a strain grad- 
ient to be introduced in a single specimen at one 
initial orientation. The advantages of tapered c'ys- 
tals for studying the development of slip lines and 
recrystallized grains have been pointed out by pre- 
vious investigators." The cold-worked layer result- 
ing from the machining operation was removed by 
alternate etching in aqua regia and careful polishing 
with 2/0 emery paper until undistorted Laue back- 
reflection spots were obtained. A homogenization 
treatment at 600°C for 24 hr was then introduced to 
insure the removal of residual stress. Two of the 
crystals so prepared were also checked by use of a 
glancing angle technique. Using a copper target, at 
30 kv and 10 microamperes, a monochromatic beam 
was positioned at right angles to the axis of the 
crystal about which it rotated. The time of exposure 
was 24 hr. From these X-ray photograms, it was con- 
cluded that the present method of preparation of 
single crystals is satisfactory. 

Following this procedure, the crystals were elec- 
trolytically polished in a 2:1 solution of methyl 
alcohol and concentrated nitric acid. Intermittent 

*A third method, a particular type of strain-anneal technique 
developed in the present investigation, was also used for specimen 
preparation. It differs in a striking way from the ordinary strain- 
anneal procedure in that a tapered single crystal of one orientation 
can be transformed to another single crystal of a different orienta- 
tion by first stretching it ‘not a critical amount) and then annealing 


it isothermally at a high temperature. The details will be discussed 
in a separate publication 
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polishing periods of from 10 to 12 min at a current 
density of 10 amp per sq dm resulted in a high polish 
and smooth metallographic surface. Fine black lines 
then were painted on each specimen at 44-in. inter- 
vals. These intervals were carefully measured in a 
Zeiss metallograph at a magnification of X77, yield- 
ing an accuracy of +0.05 mm 

The straining of the specimens was carried out for 
the most part on a Southwark Emery 20,000-lb hy- 
draulic testing machine equipped with self-aligning 
grips and gimbals. The rate of loading was approxi- 
mately 100 lb per min, and the load values could be 
estimated to 5 lb. In two cases (first extension of 
crystals A-2 and A-4) the loading equipment de- 
vised by Miller” and modified by Rosi” was used. In 
their equipment, uniform flow of sand produced load- 
ing at approximately 3 lb per min. The average of 
repeated measurements of the gage intervals painted 
on each crystal before and after extension gave a 
mean value of elongation for each gage section after 
extension as measured by an optical micrometer. A 
series of back-reflection Laue photograms per gage 
interval gave reorientation values in terms of 4 and 
y, where 4 is the angle between the specimen axis 
and the primary slip direction and ~ is the angle be- 
tween the specimen axis and the primary slip plane. 
These values were used to calculate the elongation, 
resolved shear stress and shear, according to class- 
ical crystal mechanics 

The gross orientation changes of each tapered 
crystal are plotted in Fig. 1. During extension the 
stress axes of the crystal rotated, generally, toward 
the slip direction in the usual manner. In some cases 
when a symmetry position was reached, the lattice 
rotation did not obey the classical behavior; ie., 
towards an equilibrium position at <112>. In these 
cases, the stress axes continued to rotate toward the 
slip direction. This behavior has been generally ob- 
served in cylindrical and tapered @ brass single crys- 
tals ‘It should be noted, however, that both the 
measured and the observed values of reorientation 
of any tapered section of the crystal constituted an 
average representation of the lattice changes during 
deformation. It became clear that after asterism had 


Fig. |1—Stereographic projection showing orientation of 
vorious aluminum crystals in relation to the axis of tension 
— Original orientation ( pesition of axis) 
— Predicted orientation after deformation. 
@ — Measured orientation after deformation 
(upper left)—t2 erystals with comparatively small def- 
ormation. b (upper right)—Crystal ¢ (lower left)— 
Crystal A-6. d@ (lower right)—Crystal A-18 
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Fig. 2—Crystal A-18. 


a (apper)—Proneunced cross slip at a position perpendicular 
te the plane containing the reference mark along the crystal 
and the stress axis. Shear is 0.16. Stress axis, horizontal; 
position No. 6 in Fig. Id. Electrolytic polish. X150. b (lower) 
—Primary, conjugate, and cross-slip lines at a position per- 
pendicular te the plane containing the reference ma along 
the crystal and the « s axis. The stress axis is 
aris O74. 


developed, orientation determined by X-rays actually 
should be plotted as a range of orientation rather than 
a single axial position. The stress-strain curves indi- 
cated differences in the strain-hardening character- 
istics of the different specimens, but the nature and 
cause of these variations has not been established. 
Slip Lines and Deformation Bonds 

In all crystals, primary slip lines occurred in close 
association with cross-slip lines during the early 
stages of deformation. Early slip on the conjugate 
plane” was observed in crystals of certain orienta- 
tions such as, A-7, A-5, A-16, and A-18. These lines 
were irregularly spaced (Fig. 2a) and, generally, 
discontinuous over primary slip clusters (Fig. 2b). 
It is clearly seen from Fig. 2b that the conjugate slip 
segments are displaced by primary slip lines formed 
subsequent to this slip on the conjugate plane. 

Generally it is assumed that the slip bands in 
aluminum single crystals are quite regularly spaced. 
Nevertheless, in the present investigation, an orien- 
tational effect was found to exist. All crystals having 
their stress axes located near 1l11> showed slip 
clusters during extension (Fig. 3a and b), whereas 
crystals oriented well away from <111> exhibited 
dispersed slip lines (Fig. 3c, d, and e), or barely de- 
veloped clusters; which were also observed in crystal 
A-18 having its axis near <100> (see Fig. 2a). Since 
deformation bands were not found in crystals con- 
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a b c d 
Fig. 3—Orientation effect on dispersion of slip lines. 
a—Crystal A-7 showing slip clusters aleng the crystal; 
small end of taper, 0.20, and at larger end, 0.09. 
showing same as a; shear is from 0.33 te 0.14 
ond extension; dispersed slip lines; shear is from 0.65 te 6. 0. 
Crystal A-12', second extension; dispersed slip lines; shear is from 
0.70 to 0.15. e—Crystal A-6, dispersed slip lines; shear is from 0.9% 
te 6.20. All photographs X1. 
taining slip clusters, a close correlation seems to 
exist between the orientations concerned in the slip 
process and the generation of deformation bands. 
Furthermore, a similarity exists with brass crystals 
which always exhibit clustered slip lines, but no de- 
formation bands as far as we can learn. 

On an electrolytically polished surface, the def- 
ormation bands in an early stage of formation 
(shear about 0.05) can best be described as striations 
which reflect under very low magnifications or even 
to the naked eye. They would seem to disappear on 
observation under high magnification, as the ob- 
served slip lines give no indication of a banded 
arrangement. Thus, there is the likelihood of over- 
looking them in ordinary metallographic examina- 
tion. 

Deformation bands could be revealed by etching 
as shown in Fig. 4, with properly controlled condi- 
tions. A modified aqua regia solution (three parts 
HCl, one part HNO,, one part H.O) as an etchant 
after the crystal was polished with 2/0 emery paper 
was found to give very satisfactory and reproducibie 
results. At the early stages of deformation (shear 
about 0.04 io 0.08), the boundaries of the bands could 
be easily identified as plane surfaces with elliptical 
peripheries on the cylindrical specimen. The distance 
between any two bands was not quite uniform, for 
at the large end of the tapered crystal they were 
more widely spaced than at the small end. Neverthe- 
less, in the early stages of deformation, the average 
distance between bands was of the order of 1 mm. 


Fig. 4—Deformation bands in crystal A-1’. 
Shear is 0.11 to 0.08. Average distance between bands appear- 
ing on the surface is 1.2 mm. Etched in modified aqua regia 
solution. X4. 


TRANSACTIONS AIME 


As the deformation increased, the bands also in- 
creased in intensity (but not in width) and became 
wavy. New bands of lesser intensity and more im- 
perfect development were also generated between 
the older ones as shown in Fig. 5 representing crys- 
tal A-2. These pictures confirm the observation pre- 
viously made by Collins and Mathewson’ that the 

. bands varied in thickness and character. When 
viewed from one point, they appeared straight and 
regular while from another, they appeared forked 
and wavy. When held in a certain position they re- 
flected light strongly, as a twin would, while the 
remaining part of the crystal was dark.” 

On the unetched surface, the bands, after consid- 
erable extension seemed to show ridges and valleys 
as may be seen in Fig. 6a and b. With one of the 
crystals in which the strained surface was first etched 
and later repolished electrolytically, the bands ap- 
pearing after the second extension could be resolved 
in some locations, indicating their narrow width, as 
shown in Figs. 7 and 8a. This width is about 0.038 
mm and the average spacing about 0.3 mm. The slip 
lines crossing the band change their direction as 
would be the case if the material in the band lagged 
behind the material in the matrix during the process 
of lattice reorientation. This was found to be true 
by subsequent X-ray examination. In other cases re- 
vealing slip lines across a band of no clearly resolv- 
able width, Fig. 8b, the directional changes of the 
slip lines were in agreement with the above state- 
ment. 


Crystallographic Location of Deformation Bands 

Two methods were used in determining the crystal- 
lographic location of deformation bands at the early 
stages of formation (shear below 0.10). One method 
consisted of measuring the azimuth angle of the 
band (the horizontal angle around the circumference 
of the crystal from the reference mark to the ele- 
ment containing the minimum or maximum point of 
the band) and the angle which the band made with 
the stress axis. The crystal was centered end for end 
on a one-circle goniometer, with the reference mark 
coinciding with the vertical cross-hair of a com- 
parator which was also vertically located for the 
purpose of measuring the \rertical difference from 
an arbitrary horizontai plane at various locations 
around the conical surface. With the diameter of the 
crystal corresponding to the maximum and minimum 
point of the band known, the required results could 
be obtained either graphically or by calculation. The 
other method was to determine the trace of the band 
on two known reference planes under the micro- 


Fig. 5—Deformation bands of crystal A-2. 
a (left), b (right)—Second extension to a 
- ar 1.03 at the small end and 06.20 at the 
poe with the stress axis than the finer 
bands. Etched in modified aqua regia. X7 
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scope. In all the cases the pole of the band was found 
to coincide with the slip direction within experi- 


mental error 


The resulting data are summarized in the stereo- 
graphic plot, Fig. 9. It is seen that more than half 
of the crystals have produced bands but that an 
area of orientation spreading out from the octahedral 
pole is exempt from band formation. These crystals, 
without band formation, were characterized by irreg- 
ularly spaced slip lines of a strongly clustered ap- 

: pearance. In the subsequent recrystallization studies, 
it was found that in the absence of band formation, 
the inner face of crystal growth lies parallel to the 
old glide plane, whereas with band formation, the 
growing face is decisively affected by the band 


Mechanism of Band Formation—X-ray Results 
The fundamental process which causes the forma- 
tion of deformation bands is believed to be due to 
the necessity for inhomogeneous rotations (within 
and adjacent to a band) in a forced pattern of flexual 


Fig. 7—Slip lines crossing deformation bands in crystal A-1 
Deformation bands were first generated after a shear ef 0.05 
corresponding te a reorientation of abeut 1 Repolished 
electrolytically and again extended to a shear of about 0.26 
corresponding to a reorient mn of ®°. Taken at a position 
perpendicular to the plane containing the reference mark 
along the crystal and the stress axis. The stress is horizontal 
Nitin 
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Fig. 6—Detformation bands in crystal A-12'. Second extension. 


« (left)—Pesition shown is around the conical section between the major and minor axes of 
the glide ellipses. The stress axis is vertical as represented by the central scratch line. Shear. 
U4. Electrolytic polish. X60. b (right)—Pesition shown is perpendicular te the plane contain- 
ing the major axis of the glide ellipse and the stress axis. Stress axis is vertical. Shear, 0.5. 
Electrolytic polish. X60 


gliding wherein the slip direction conventionally 
approaches the axis. This recalls the action of bend 
planes in zine crystals, as described in 1934 by 
Miller.” However, in the present case, there are 
paired bend planes defining an intermediate band 
in which the process of reorientation is restrained, 


Fig. 8—Siip lines crossing deformation bands in crystal A-1! 

a (upper)—Enlarged section of a deformation band shown 
in Fig. 7. X472 

b (lower)—Same lecation as in Fig. 7 X1000 
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or held to a minimum. This corresponds to that part 
of the Miller crystal which is prevented from slip and 
reorientation by an anchorage to polycrystalline 
material intentionally introduced for this purpose. 
X-ray studies of the bands in the very early stages 
of deformation (shear below 0.1) have indicated that 
both the axis of rotation and the sense of rotation 
corresponding to extension of the crystal could be 
properly correlated with the formation, structure, 
and location of the bands. An analysis of the situa- 
tion follows: 

As a rule, it was found that in the very earliest 
stage of deformation, when the bands are far apart 
(approximately 1 mm), the X-ray photogram taken 
on a band would give clear indication of distortion 
with a range of orientation of about 2°, whereas a 
photogram from the region between the two bands 
would show little or no asterism. This can be illus- 
trated in Fig. 10a and b. In this case the width of 
the band was believed to be of the order of a few 
hundredths of a millimeter, and the spacing between 
bands along the crystal surface was about 1.7 mm. 
The X-ray beam was collimated by means of a pin- 
hole 0.5 mm in diam x 2.5 in. long. Therefore, when 
the X-ray beam was carefuliy adjusted to the band, 
it also covered some material outside of the band 
(Fig. 10a). But it impinged only on the slipped ma- 
trix when adjusted to the material between bands. 
After stereographically plotting the streaks seen in 
Fig. 10a, an axis of rotation could be located as 
clearly indicated in Fig. 11. This is the <112> direc- 
tion in the slip plane, normal to the slip direction. 
This axis of rotation could also be derived from plot 
of other X-ray photograms taken on the same band 
but with the beam located at a point around the 
conical surface 90° from the first position. It should 
be noted here that this axis of rotation is also the 
line of intersection of the primary slip plane and the 
plane of the deformation band. 

In order to study the sense of the rotation, Fig. 
10a and b and the film representing the original 
orientation of the crystal before extension were 
carefully superimposed. It was found, as indicated 
in Fig. 11, that the orientation of the slipped matrix 
corresponds to the left-hand part of each elongated 
streak, whereas the original orientation before ex- 


Fig. 9—Dependence of banding on 

initial orientation. 

Initial orientations of crystals 
that subsequently formed defor- 
mation bands (the poles of the 
bands are shown clustering 
around the slip direction) 

— Initial orientations of crystals 

did not form deformation 


— Initial orientations of crystals 
that formed bands whose loca- 
tions were not accurately deter- 
mined 
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Fig. 10—Back-reflection Laue photograms taken on crystal 
A-12' after the first extension. 

Shear 0.08 X-ray beam was carefully located: a (left) on a 
deformation band, and b (right) between deformation bands 
immediately adjacent to position a. 
tension coincides with the right-hand edge of the 
streak. This implies that while maxima in the Laue 
streaks represent the slipped matrix, the continuous 
background arises from the structure of the defor- 
mation bands. Examination of this situation shows 
that the sense of rotation about <112> is counter- 
clockwise, which is in agreement with the rotational 
requirements of a slip process in which the slip 
direction, IV, approaches the stress axis, T, during 
extension. It should be noted, therefore, that the 
material in the band has lagged about 2° behind the 
matrix in this process of lattice reorientation. A 
standard projection summarizing these facts is shown 

in Fig. 12. 

Similar analyses were carried out for rotations 
associated with deformation bands in other crystals. 
In all cases examined, excellent agreement with the 
above conclusions was obtained. 

In crystals without band formation, no measurable 
amount of asterism could be noted in the Laue spots 
up to a shear of about 0.15. In such cases, X-ray 
photograms taken on and between areas with clus- 
tered slip bands represent the same orientation. This, 
again, brings out the similarity to brass crystals in 
which asterism is absent up to a shear of about 0.46." 


Micrographic Analysis 
The microstructure shown in Figs. 7 and 8a give 
good visual information concerning the formation 
and rotation of the bands. A stereographic projec- 
tion referring to this particular region, representing 
the orientation changes of crystal A-1' after the 
second extension, is shown in Fig. 13. The axis of 


> 


Senseo 


Fig. 11—Stereographic representation of the asterism of 
Fig. 100 
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Fig. 12—Standard projection showing lattice rotation in 
a deformation bend. Crystal A-12° after first extension 
Pp original position of the stress axis; p., position of the 
stress axis of the slipped material between bands (p, — 


Pe = T°): pe, position of the stress axis corresponding to 
the erientation of the band (p peo) net measurable with 
X-ray 


rotation after the first extension; i. e., when the band 
was formed, was not measurable by means of X-rays 
(calculated shear, below 0.05), but the amount of 
axis rotation for the second extension was found 
to be 8. Since the projection plane here coincides 
with the plane of observation, traces on the micro- 
graphs can easily be compared with the orientation 
plot. Thus, Fig. 14a and b were drawn from these 
indications. It is seen that the prediction embodied 
in Fig. 14b is in good agreement with the angular 
measurements actually made on the crystal, Fig. l4a, 
except that the axis of the band is not strictly 
parallel to S-S or Q-Q, following the analysis of 
Fig. 13, but lies in the direction R-R making a some- 
what smaller angle with the stress axis. This 
probably indicates that the band was.actually formed 
along the line S-S, as would be determined after the 
first extension, and has rotated toward the stress 
axis, but in the opposite direction to the rotation of 
the slip planes 
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Fig. 13—Orientation changes of crystal A-1" after the second 
extension in the position represented by Figs. 7 and 8a 
The projection ts perpendicular to the plane containing the 
stress axis and the reference mark. Stress axis, horizontal: 
X-ray beam at the center of the projection 


Complex behaviors were noticed in crystal A-18, 
Fig. 15a and b. At the large end, where the shear 
was about 0.11, no indication of the formation of 
bands was obtained. At the small end of the taper, 
however, where the shear was 1.04, much distortion 
in the form of irregular bands was noticed. The 
appearance of the slip lines across a band gives 
evidence indicating a change of elevation at the 
“bend site” in some cases, while in other, the change 
of direction of slip lines confirms the observation 
that the material in the band lags behind the matrix 
in the process of the lattice reorientation. At the 
large end, where bands were absent, clustered slip 
lines and early conjugate slip were observed (cf. 
Fig. 2). 
Rotation of Deformation Bands 

The question arises as to whether, after initial 
formation of a band, the two “bend planes” would 
move away from the stress axis during further rota- 
tion of the slip planes or would move toward the 
stress axis, but in the opposite direction to the rota- 
tion of the slip planes. Experiments seem to furnish 
many illustrations confirming this latter condition 
It was more difficult to obtain clear evidence of the 
former condition, but it is believed that this also may 
have occurred 

For example, deformation bands developed in the 
first extension of crystal A-12° were carefully traced 
with a sharp pencil. The crystal was then subjected 
to a second extension causing both the bands and 
the markings to rotate. The bands, behaving quite 
similarly to the mechanical marks, rotated toward 
the stress axis as the crystal elongated. The coinci- 
dence of the marks and the boundaries was not quite 
perfect because the bands became wavy during the 
large amount of rotation. New bands formed be- 
tween the earlier bands, with an even more wavy 
and irregular appearance, and a larger inclined angle 
to the stress axis than in the case of the initial bands. 
This implies that these new bands may have formed 
as a result of flexual gliding of the slip planes at 
their progressively reoriented positions. 

Another example of the rotations of the bands 
themselves was encountered in the second extension 
of crystal A-2 plotted stereographically in Fig. 16 
(cf. also Fig. 5). In the subsequent recrystallization 
process, new grains formed in this crystal along the 
boundaries of the initial bands but in their rotated 
positions. 

No detailed study has been attempted with respect 
to the crystallite rotations within a narrow band, 
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14—Crystal rotation of a deformation band of 
crystal A-1 
a (Upper)—Observed positions of slip lines and band 
traced from Fig b (lower)—Predicted positions 
of slip lines and band assuming a rotation according 
te orientation changes analyzed in Fig. 13. 


Fig 
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Fig. 15—Irregular deformation bands in crystal A-18. 
a (left)—Position shown is No. 1 of Fig. Id in the plane containing the reference mark along the crystal and the stress 
axis. Shear is 1.04. Stress axis is horizontal. Electrolytic polish. X1I50. b (right)}—Position shown is No. 4 of Fig. id 
in the plane containing the reference mark along the crystal and the stress axis. Shear is 0.30. Stress axis is horizontal. 
Electrolytic polish. X150. 


which must accompany the progressive rotations of 
the matrix during deformation. X-ray photograms 
have indicated, however, that the range of orienta- 
tion increased as deformation proceeded, confirming 
this type of rotation. The number of intensity maxima 
also increased. This may be due to the development 
of new bands. 
Discussion of Results 

Deformation bands produced in the extension of 
aluminum single crystals possess, in general, the 
same characteristics as the banded structures found 
in other metals, after different types of deforma- 
tion,”’ such as a gradual development of orientation 
differences between bands and matrix, and an un- 
changing width of the bands during progressive de- 
formation. However, in the early stages of band 
formation, there is clear evidence of a process of 
crystal slip and abrupt flexual gliding at band boun- 
daries, similar to the action of the “bend plane” 
which Miller observed in zinc.” A “bend plane” is 
the locus of the axes around which the slip planes 


/ 
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Fig. 16—Stereographic projection showing rotation of 
deformation bands in crystal A-2', second extension. 
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bend in this modification of simple flexual gliding. 
Thus, a pair of bend planes defines a band in which 
the reorientation lags behind that of the matrix 
material in the process of axial extension. A dia- 
grammatic illustration is given in Fig. 17, embrac- 
ing the following experimental facts: 

1—The slip direction constitutes the pole of the 
band. 

2—The reoriented material in the band lags be- 
hind that of the slipped matrix about 2° at an early 
stage of observation. 

3—The axis of rotation in the process of band 
formation is <112> which is also the intersection of 
the slip plane with the parallel planar boundaries 
of the band. 

4—The slip lines change directions in crossing a 
band. 

Recent studies by Hess and Barrett on the kink 
bands in zine’ also revealed an axis of rotation of 
the same general character. Thus, it would be profit- 
able to examine other metals with respect to band 
formation and the details of reorientation during 
plastic deformation. 

The tendency towards formation of deformation 
bands is orientationally dependent in the present 
case of axial extension of aluminum single crystals. 
Generally it has been assumed’ that this tendency 
depends upon the orientation of the crystal or grain 
with respect to the direction of flow. Thus an iron 


Fig. 17—Hypothetical mechanism of formation of 
deformation bands. Plane of sketch contains stress 
axis and slip direction. 


AS, — Original position of slip plane. 
: SeAy — Final position of slip plane. 
“Bend plane” ! 


Ss 
B\A\B 

BAB, — “Bend plane” 2. 
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crystal having a 100> or 111 axis parallel to 
the axis of compression will form no bands, but crys- 
tal of all other orientations become banded.” 

Homogeneous rotation of the lattice during exten- 
sion is prohibited because of constraints imposed by 
grips and by unslipped matrix material. The methods 
hitherto assumed by which a lattice could rotate and 
still satisfy the boundary conditions in aluminum 
have been flexual gliding’ and crystal fragmenta- 
tion.” The presence of asterism in the Laue X-ray 
photograms has been interpreted by various inves- 
tigators as evidence in support of both mechanisms. 
In brass, collateral slip on cross and conjugate slip 
planes is assumed to contribute to lattice reorienta- 
tion and thus modifies the pattern of asterism.” ~ It 
is shown here, however, that asterism in extended 
aluminum single crystals may arise entirely from 
the presence of deformation bands. In crystals which 
do not produce bands, no asterism was found up to 
a shear of 0.15, similar to the earlier observations on 
brass. Thus, it is believed that the absence of asterism 
in aluminum crystals indicates a modified condition 
of inhomogeneity due to cross-slip and early con- 
jugate slip. Similar correlations between asterism 
and deformation bands in stretched aluminum crys- 
tals have recently been obtained by Cahn and Honey- 
combe 

There is a further similarity between aluminum 
single crystals oriented neat lll and brass in 
that slip bands are much more irregularly spaced in 
such orientations, assuming a strongly clustered ap- 
pearance. Thus the density of slip bands in such 
orientations should be expected to be much less than 
for crystals of other orientations. Actual measure- 
ment of slip bands in aluminum in the early stages 
of extension confirms this general orientational re- 
lationship 

Strain hardening characteristics could not be cor- 
related with differences in the appearance of slip 
lines. Since deformation bands were not found after 
extension in crystals of aluminum containing slip 
clusters nor in brass, it seems that dispersed slip 
lines indicate the probable generation of deformation 
bands. According to the mechanism previously de- 
scribed a band must traverse a slipped matrix 
throughout its entire course, and it is clear that 
prominent slip clusters are not conducive to band 
formation in the present sense 


Conclusions 

l—The tendency towards the furmation of def- 
ormation wands in the plastic extension of aeimi- 
num single orientationally dependent 
Axes oriented near <111 in the standard projec- 
tion do not lead to band formation. 

2—The slip direction constitutes the pole of the 
band and the axis around which the slip direction 
changes its orientation is the intersection of the glide 
ellipse with the band ellipse, namely <112 

3—A mechanism is considered whereby a pair of 
bend planes defines a band in which the reorienta- 
tion lags behind that of the matrix material in the 
process of axial extension 

4—Asterism found in the early stages of exten- 
sion of aluminum is due to deformation bands, while 
the absence of asterism in crystals with no band 
formation in an early stage of deformation indicates 
that the inhomogeneities of deformation have been 
modified by cross-slip and early conjugate slip 
5—Crystals which develop bands reveal more reg- 
ularly dispersed slip lines than crystals which do not 


crystals is 
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produce bands. In the latter case, a distinct cluster- 
ing of the slip lines is invariably observed. This cor- 
relates properly with the plastic behavior of brass 
crystals, which develop slip clusters, but no defor- 
mation bands. 

6—The band structure here observed possesses 
certain general features previously observed in de- 
formation bands. A rotation of the bands after their 
initial stage of formation is confirmed and various 
possibilities in this direction are critically examined 

Acknowledgments 

The authors wish to extend their gratitude to 
W. R. Hibbard, Jr., of the Yale Metallurgical faculty, 
for his constructive criticism throughout the course 
of this investigation and to M. L. Kronberg and R 
Maddin for their helpful discussions. Thanks are also 
due to the Aluminum Company of America for sup- 
plying the high purity aluminum used. 

References 

Boas and Schmid: Kristallplastizitat. Berlin (1935) 

C. H. Mathewson: Structural Premises of Strain 
Hardening and Recrystallization. Trans. ASM (1944) 
32, p. 38 

J. A. Collins and C. H. Mathewson 
ormation and Recrystallization of Aluminum 
Crystals. Trans. AIME (1940) 137, p. 150 

*R. Maddin, C. H. Mathewson, and W. R. Hibbard, 
Jr.: Unpredicted Cross-Slip in Single Crystals of Alpha 
Brass. Trans. AIME (1948) 175, p. 86; Merats Tecu- 
NOLOGY (February 1948). 


Plastic Def- 
Single 


R. D. Heidenreich: Structure of Slip Bands and 
Cold-worked Metal. Symposium, Cold Working of 
Metals. ASM (1949) 

°C. S. Barrett: Structure of Metals. (1943) New 


York. McGraw-Hill Book Co 

J. B. Hess and C. S. Barrett: Structure and Nature 
of Kink Bands in Zine. Trans. AIME (1949) 185, p. 599; 
JOURNAL OF Metats (September 1949). 

*P. W. Bridgman: Certain Physical Properties of 
Single Crystals of Tungsten, Antimony, Bismuth, Cad- 
mium, Zine and Tin. Proc. Amer. Academy of Arts 
and Sciences (1923) 58, p. 165 

D. C. Jillson: Production and Examination of Zinc 
Single Crystals. Trans. AIME (1950) 188, p. 1005; 
JOURNAL OF MeTALS (August 1950). 

A. B. Greninger: Determination of Orientation of 
Metallic Crystals by Means of Back-reflection Laue 
Photograms. Trans. AIME (1935) 117. p. 6 

R. Maddin, C. H. Mathewson, and W. R. Hibbard, 
Jr.: The Origin of Annealing Twins in Brass. Trans 
AIME (1949) 185, p. 655; JourNaL or Metats (Septem- 
ber 1949) 

R. F. Miller: Creep and Twinning in Zinc 
Crystals. Trans. AIME (1936) 122, p. 176 

F. D. Rosi and C. H. Mathewson: A Study of the 
Plastic Behavior of High-Purity Aluminum Single 
Crystals at Various Temperatures. Trans. AIME (1950) 
188, p. 1159; JourNAL or METALS (September 1950) 

*V. Goler and G. Sachs: Ztsch. Physik (1929) 55. 
p. 581 

R. Maddin, C. H. Mathewson, and W. R. Hibbard. 
Jr.: The Active Slip Systems in the Simple Axial Ex- 
tension of Single Crystalline Alpha Brass. Trans. AIME 
(1949) 185, p. 529; JourNaL or METALS (August 1949) 

R. F. Miller: Influence of a Grain Boundary on the 
Deformation of a Single Crystal of Zinc. Trans. AIME 
(1934) 111, p. 135 

M. Polanyi: Deformation, Rupture and Hardening 
of Crystals. Trans. Faraday Soc. (1928) 24, p. 72 

W. G. Burgers and P. C. Louwerse: Zusammenhang 
Zwischen Deformationvorgang und Rekrystallisation- 
texture bei Aluminum. Ztsch. Physik (1931) 67, p. 605 

R. W. Cahn: Proc. Phys. Society (1950) 63A, p. 323 

R. W. K. Honeycombe: Proc. Phys. Society (1950) 
63A, p. 673 

N. K. Chen and R. Maddin: Discussion of ref. 13 
JOURNAL OF MetaLs (July 1951), Trans. AIME p. 545 


Single 


TRANSACTIONS AIME 


Be 
| 


N isothermal recrystallization processes, new 

crystals generally grow into the matrix until 
they impinge upon other new crystals or an external 
surface, at constant linear rates G. Before impinge- 
ment the perceptible course of growth can be de- 
scribed by the equation: 


l G(t—r) 
where, G dl/dt, 


l is a crystal dimension measured in a constant 
direction, t is the time, and +, the nucleation period, 
is a positive intercept on the time axis. Fig. 1 is a 
schematic representation of I as a function of time 
for a recrystallizing grain. G is dependent upon 
temperature, driving energy (strain or surface 
energy), relative grain and boundary orientations, 
but is generally independent of time. The fre- 
quency of nucleation, N, (time’ volume*) can be 
defined by the equation: 


N = 1/#V [2] 


where = is the mean nucleation period and V is the 
volume of the specimen that has not recrystallized. 
The kinetics of primary and secondary recrystalliza- 
tion generally can be described satisfactorily in 
terms of the parameters N and G only.’ * 

After recrystallization is complete the average 
grain size l increases with time by “normal grain 
growth;” dl/dt, the average rate of grain growth, is 
strongly time dependent and has not yet been pre- 
cisely related to G for the motion of the individual 
grain boundaries constituting the system. 

It has been suggested* * that the elementary act 
in grain boundary migration is closely related to 
the elementary act in grain boundary self-diffusion. 
Although the distance of atom movement in the two 
processes may be somewhat different, there is rea- 
son to expect that the activated states may be very 
similar, so that the free energy of activation for 
grain boundary migratior should be of the same 
order of magnitude as fer grain boundary self- 
diffusion. Therefore, it is desirable to develop a 
satisfactory basis for comparing data on self-diffu- 
sion and grain boundary migration and to make 
such comparisons where possible. 


Theory 

The formal theory of grain boundary migration 
rates is analogous to the theory for the rate of 
growth of crystals into supercooled liquids reviewed 
elsewhere.”*. Borelius’ has shown that the latter 
theory describes, within the theoretical uncertainty, 
the growth of selenium crystals into supercooled 
liquid selenium. Mott* and more recently Smolu- 
chowski™” have derived expressions for the rate of 
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Theory of Grain Boundary Migration Rates 


by David Turnbull 


boundary migration in recrystallization. The treat- 
ment to be presented is similar to Mott’s excepting 
that the formalism of the absolute reaction rate 
theory will be used. 
The atomic mobility, M, in grain boundary migra- 
tion is defined by: 
G —Mbp/dx [3] 


where yu is the chemical potential per atom and 2 is 
the coordinate measured in the direction of grain 
boundary movement. Let AF be the free energy 
difference per gram atom on the two sides of the 
boundary and A the thickness of the boundary. For 
RT>><AF the potential gradient across the boundary 
(5u/dx) is essentially linear and it follows that: 


= — AF/NA {4} 


where N is Avogadro’s number. According to the 
Nernst-Einstein equation, M is related to a diffu- 
sion coefficient, D,, for matter transport in grain 
boundary migration by the equation: 


M = D,/kT [5] 


Substituting eqs 4 and 5 into eq 3 gives the basic 
relation between D, and G: 


G = D,AF/ART [6] 


D, values may be calculated from experimental 
values of G from eq 6 and directly compared with 
the coefficient of self-diffusion within the crystal, 
D,, or the grain boundary self-diffusion coefficient 
D,. However, a more convenient, though equivalent, 
basis for comparing atomic mobility in grain 
boundary migration and self-diffusion is through 
the constants of the absolute reaction rate theory. 
According to this theory diffusion coefficients may 
be written:” 

D M(kT/h) exp [—AF,/RT] [7} 
AF,, the free energy of activation, is related to the 
measured energy of activation, Q, Ly the equation: 

AF, = Q—T AS, — RT [8] 
where AS, is the entropy of activation. Substituting 
eqs 8 and 7 into eq 6 gives: 

G = erA(kT/h) (AF/RT) exp [(AS,)o/R] exp 

[—-Q./RT] [9] 

where the subscript G refers to boundary migration. 
The relationship between the driving free energy 
and the free energy of activation in boundary migra- 
tion is indicated schematically in Fig. 2. 

Experience indicates that the variation of G with 
emperature can be described by: 

G = G, exp [— Q,/RT] [10] 
where G, and Q, are generally temperature inde- 
pendent over wide ranges of temperature. Compari- 
son of eq 9 with eq 10 gives: 

G, ed (kT/h) (AF/RT) exp [(AS,)¢/R]_ [11] 


AUGUST 1951, JOURNAL OF METALS—661 


‘ 

; 
fang 
4 
f 
io 
¥ 
i 
¥ 
| 
| 
: 
4 


| IMPINGE MENT 


FREE ENERGY 


OISTANCE 


Fig. 2— Representation of 

tree energy relationships be- 

tween atoms on lattice sites 
and on opposite sides 
of a grain boundary 


Fig. 1—Size of a growing grain as 
a function of time in primary or 
secondary recrystallization processes 


Also it is found experimentally that 


exp [ — Q/RT] [12] 
By comparing eqs 7 and 12 
D er’ (kT/h) exp [AS,/R] [13] 
The relation between atomic mobility and free 
energy of activation is from eqs 5 and 7 
M (1/h) exp AF ,/RT | [14] 


From eq 14 it follows that the ratio of the atomic 
mobility in grain boundary migration to that in 
self-diffusion is, to within an order of magnitude, 
the same as the ratio of the corresponding factors 


exp | AF RT| 


Comparison of Free Energies of Activation for Self- 
Diffusion and Grain Boundary Migration 


Primary Recrystallization: The free energy and 
entropy of activation in self-diffusion processes were 
calculated from the experimentally determined con- 


stants D., Q,, and Q, (where L refers to lattice 


Grain Tempera Go 
Size. ture Cm per 
Substance Strain Cm Range, °€ See Se 


45x10 


15x10 


9x10 


520 


42x10 
20 


iso 10 


800 


17x10 


Silver 433-533 2x10 9.74 


Aluminur 0.03 400-500 10 9.2 


brass 0.08 450-700 10 


brass 0.03 450-850 
high purity 


s of ter 
thetic crystal expressed 


Superscript refer to references 


except exponer 
* Given data o 


stress 


** From data on self-diffusion on pure iron 
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Table |. Comparison of Energy, Entropy, and Free Energy of Activation in Self-Diffusion and 
Grain Boundary Migration 


60.0 


15 


self-diffusion and B to grain boundary self-diffusion) 
using eqs 13 and 8. However, in order to calculate 
the free energy (AF,), and entropy (AS,).~ of activa- 
tion for boundry migration from the experimental 
constants G, and Q,, a value must be assigned to 
the “free energy” AF driving primary recrystalliza- 
tion. It has been pointed out” that AF cannot be 
evaluated by the methods of classical thermody- 
namics. However, it seems reasonable to assume that 
the driving energy for recrystallization is of the 
same order of magnitude as the energy stored in 
cold working, Z. According to the measurements of 
Taylor and Quinney” the maximum stored energy 
for metals Z,, is of the order of 25 to 50 cal per g 
atom and is usually reached at strains of 0.7 or 
more. For strains, «, of the order of magnitude 
(~0.10) of those for which G values in recrystal- 
lization are known, it may be assumed that Z 
Z., «/0.7 and for most experimental conditions that 
are encountered in primary recrystallization 


Z,.e/0.7RT ~ AF/RT ~ 


It seems probable that AF must be less than Z be- 
cause of recovery prior to boundary migration. Due 
to the uncertainty in AF/RT the calculated (AF,) 
may be in error by as much as + 2 kcal per g atom. 

In developing the theory it is assumed that the 
driving energy is uniformly distributed in the cold- 
worked matrix. More information about the state 
of the cold-worked matrix is needed to test this 
assumption. Bragg" and Heidenreich” have sug- 
gested that the cold-worked state of a crystal may 
consist of an aggregation of small misoriented 
blocks demarcated by intersecting slip planes. If it 
is further supposed that the strain energy is pro- 
portional to the surface area of these blocks, the 
theory of boundary migration driven by strain 


(Cal per Degree, F 
Gram Atem) 


(Keal per Gram Atom) (Keal per Gram Atom) 


Q Q Q Faia 


11.8 22 46.0 28.0 202 19.2 19.1 18.7 


87.0 0.8 i97 


Strains estimated from stress-strain curve on natural crystals 
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OF, 
y, 
t 
‘ 
» Primary Recrystallization 
Alur un 004 425-40 [2 22.2 4.0 10.5 17.2 
9.2 17.5 
Aluminu 0.051 10-370 60.7 59.0 12.0 218 
~0.1* 650-770 59.0 19.8 
Rock salt 184 14 
~0 3° 400 23 320 2.0 15.0 
soo 45 0.0 49.0 23.8 
4 Copper 010 4 72 
40 - 17.4 12.0 48.8 211 
Silicon ferrite 0.07 59.7°* 73.0 46.2 33.8 
b See ndary la zat 
Copper 900-1000 10" 4 a7 57.2 73.0 40.1 15.5 
« Normal Grain Growth 
27.8 


energy is analogous to that driven by surface energy, 
where it is correct to suppose that AF is uniformly 
distributed. 

Data are available giving G as a function of tem- 
perature and strain in the primary recrystalliza- 
tion of some lightly deformed polycrystalline 
metals” * and more heavily deformed single crys- 
tals of rock salt.” The entropy (AS,),_ and free 
energy (AF,), of activation for grain boundary mi- 
gration have been calculated from these data and 
are compared with the entropy (AS,), and free 
energy (AF,), of activation for lattice self-diffusion 
in Table Ia. In all cases AF, was calculated at the 
average temperature in the range of measurements. 

Since no self-diffusion data for aluminum are 
available, Q, was calculated from the empirical re- 
lation“ discovered by Steigman, Shockley, and Nix™ 
that Q, ~ 0.7 times the heat of sublimation. D 
was estimated from this value of Q, using the 
Dushman-Langmuir equation. D, for rock salt was 
calculated from the anion (slowest moving ion) 
conductivity data" using eq 5. The grain boundary 
thickness and diffusion distance A were assumed to 
be 2x10 "cm in all cases. 

Secondary Recrystallization: Suppose that a large 
grain of dimension | grows into a recrystallized 
matrix having a small grain size l,. Let the grain 
boundary free energy between matrix grains be o 
and that between the large grain and the matrix 
be o’. Then if the grain growth is driven by surface 
tension forces only AF between the large grain and 
the matrix grains is given by: 

AF KV (oa/l o’/l) [14] 
where K is a geometric factor of the order of unity 
and V is the gram-atomic volume of the material 
When secondary recrystallization becomes percep- 
tible | and eq 14 becomes: 

AF KVo/l, [15] 
G has been measured in the secondary recrystalliza- 
tion of copper’ and silver.” The absolute grain 
boundary free energy in copper has been measured 
absolutely in several investigations.” The results 
have been summarized by Fisher and Dunn” who 
suggest 600 ergs per sq cm at 800°C as the best 
value for grains of large orientation difference. 
Assuming typical experimental conditions in the 
secondary recrystallization of copper to be | 0.01 
cm and T 1000°K it follows: * 


AF/RT = Ko V/LRT ~ 10 
that AF/RT in the secondary recrystallization of sil- 
ver is also ~ 10 (AS,)- and (AF,), for sec- 
ondary recrystallization calculated on the basis of 
these assumptions are compared with the corre- 
sponding constants for lattice and grain boundary 
self-diffusion in Table Ib. 


It can be assumed 


Normal Grain Growth: Experimental data on 
normal grain growth are available from which dl/dt 
may be calculated as a function of temperature and 
grain size. Thus far it has not been possible to 
deduce from this data the velocity of migration of 
particular boundaries driven by a known free 
energy. For the purposes of the present calculation 
it will be assumed that: 1—dl/dt G; and 2- 


* Because of the small orientation differences of neighboring 
grains ¢<600 for cube texture copper. However, in view of the 
sharp increase in o with increasing misorientation, #," an uncer- 
tainty no greater than a factor of 2 results from assuming «~ 600 

+ The comparisons were not made for a brass because of the un- 
certainty in the interpretation of the diffusion data 
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4, ALUMINUM 525°* 


Fig. 3—Free energy of 
activation as a function 
of strain, «, in the pri- 
mary recrystallization of 
polycrystalline aluminum 
and rock salt single 
crystals.~ 


% NATURAL ROCK SALT 


AF KeV/I in normal grain growth. (AF,), cal- 
culated with these assumptions will be too large, 
possibly by 2 to 4 kcal per g atom. However, it will 
be seen that this uncertainty in (AF,), does not 
affect the validity of the general conclusion drawn 
from the calculations. The values of the entropy 
and free energy of activation in normal grain 
growth are summarized in Table Ic. 

Interpretation of the Results: The most impor- 
tant conclusion that follows from the comparisons 
made in Table I is that the free energy of activation 
for self-diffusion within a crystal exceeds the free 
energy of activation in boundary migration by a 
large amount (10 to 25 keal per g atom) that is 
much greater than the uncertainties in the calcula- 
tion in all cases.t From this result it follows that 
the atomic mobility in grain boundary migration, 
M,, is always larger by many orders of magnitude 
than the atomic mobility in lattice self-diffusion M,; 
e.g., in the secondary recrystallization of OFHC 
copper at 950°C, M, 10° compared to M, id**. 
, There is good reason to expect that the grain 
boundary regions in metals are highly disordered 
relative to regions within the body of the crystal. 
Since it is further supposed that diffusion is pro- 
moted by crystal imperfections, it is not surprising 
that M,>>M,. However, this result is not obvious 
from comparing Q, with Q, for Q, is sometimes 
smaller, about the same, or larger than Qs. 

Data on the rate of self-diffusion at grain bound- 
aries are available only for silver,” and it may be 
very significant that the free energy of activation 
(AF,)» agrees closely with the free energy of ac- 
tivation (AF,), in the secondary recrystallization 
of silver. This fact suggests the possibility that the 
generalization (AF,), (AF,), holds for grain 
boundary migration processes driven by _ inter- 
facial tension. The results also suggest that the 
generalization (AF,), (AF,),. holds for primary 
recrystallization. 

(AF,)_ at 625°K as a function of strain has been 
calculated for Anderson and Mehl’s' data on the 
primary recrystallization of aluminum and plotted 
in Fig. 3. For 0.2 >« > 0.05, (AF,).« is independent 
of «. However, between « 0.02 and 0.05 (AF,)., 
decreases about 2 kcal per g atom, a number that is 
about 1000 times larger than the stored energy of 
cold working, Z. Also shown in Fig. 3 is (AF,), vs. « 
calculated from Muller’s data” on the primary re- 
crystallization of rock salt crystals at 600°C. It is 
evident that (AF,), is much more strain-sensitive 
for rock salt single crystals than for polycrystalline 
aluminum. 

It might be inferred from inspection of the con- 
stants Q, and (AS,), that the G values in the three 
investigations on aluminum are in wide disagree- 
ment. Actually (AF,), values for the temperatures 
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at which the measurements nearly overlap approxi- 
At 400 C for « 0.05, Anderson- 


mately agree 
18.0 compared to 19.0 


Mehl’s' results give (AF,) 


keal per g atom obtained by Kornfeld-Pavlov” for 
é 0.04. These values are in reasonable agreement 
with (AF,) 24.5 keal per g atom for normal 


grain growth in aluminum at 400°C” in view of the 
fact that the theory as now formulated gives too 
large a value to (AF,),. in normal grain growth. 
Though the atomic mobility in grain boundary 
migration is many times larger than in lattice self- 
diffusion, the activation energy for the former 
process is often as great and sometimes even greater 
than for the latter process. These relations are con- 
sistent with the fact that the entropy of activation 
in boundary migration is generally 10 to 30 entropy 
units larger than in lattice self-diffusion. On the 
basis of the arguments used to account for (AF,) 
(AF,)., it would be expected that Q, > Q,. Also 
there is no obvious reason for the entropies of ac- 
tivation for the two processes to be very different 
In order to account for these seeming anomalies 
Mott’ has proposed the hypothesis that activation 
for grain boundary migration consists in melting 
several (nm) atoms at the boundary. According to 
this view the energy of activation for boundary 
migration is the energy necessary to fuse n atoms 
Q nQ [16] 
where Q, is the gram-atomic heat of fusion and may 
therefore bear no simple relation to Q, (or Q,). On 
this picture the entropy of activation is the entropy 
gain in melting n atoms 
(AS,), [17] 


where 3S, is the entropy of fusion n may be a 
function of strain, temperature and relative grain 
and boundary orientations. Mott's theory reduces 
the number of disposable parameters from (AS,), 
and @, to nm only and can be tested by comparing 
(AS,), with n (AS,) where n is calculated from 
Q, using ec 16. Mott showed that the theory ac- 
counts for the entropy of activation calculated from 
Anderson's and Mehl’s data on aluminum and 
Smoluchowski” has shown that the theory accounts 
for the grain growth data of Beck, Holzworth, and 
Hu” on pure aluminum and of Burke” on a brass 
of commercial purity 

In order to make a comparison of nAS, and (AS,), 
trictly in conformity with Mott’s theory, it is nec- 
essary to modify the calculation of (AS,), by sub- 
stituting nAF for AF in eq 11, since n atoms are 
transported in the elementary process. The values 
of the entropy of activation for boundary migration 
(AS,),. so calculated from all the available data are 
compared with naS, and (AS,), in Table II 

Though (AS,),’ and naS, diverge widely in a few 


Mott's forr ition has beer tered somewhat in order to make 


it conform to the absolute rate theory 
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instances the comparisons in Table II indicate that 
Mott's theory in general successfully accounts for 
the unexpectedly large values of (AS,),’. In addi- 
tion to the divergences noted the main objection to 
the theory as it now stands is the arbitrariness of 
the n values. Also in view of the small values of n 
(<35) it is not correct to ignore surface energy 
considerations in calculating the free energy of 
melting. On an energetic basis n should be unity if 
the surface energy is neglected. 

One of the basic assumptions of the theory de- 
veloped is that the driving energy does not change 
with temperature. An alternative theory for the 
large magnitude of the calculated (AS,), values is 
that they are more apparent than real due to a 
marked dependence of AF upon temperature. AF 
might change markedly with temperature due to 
matrix processes of recovery, grain growth, or solu- 
tion of boundary retarding inclusions concurrent 
with boundary migration. Among these processes 
only the solution of inclusions is likely to lead to 
apparent values of (AS,), that are much greater 
than the actual values. 

Following Zener” AF for boundary migration re- 
tarded by inclusions may be expressed as 


AF (AF’ — KopV/y.) AF’ —I [18] 
where AF’ is the driving free energy in the absence 
of inclusions, p is the volume fraction of inclusions 
in the matrix, and y, is the radius of the inclusion. 
In general I is likely to be a function that decreases 
with increasing time or temperature. However, 
suppose that at constant temperature I reaches a 
constant value in a time that is short relative to 
the period of boundary migration. Then with re- 
spect to boundary migration, | is a function of 
temperature only and G is independent of time. In 
Fig. 4 log G is represented schematically as a func- 
tion of 1/T for various constant values of I, each 
characteristic of a different temperature. This 
family of curves all have the same value of Q,, but 
apparently different values of (AS,), that may be 
quite small. However, since I f(T) the observed 
relation for log G f(1/T) will be schematically 
as shown by the solid curve through the circles and 
the apparent values of Q, and (AS,), will be much 
larger than those characteristic of I 0. 

The inclusion hypothesis predicts that Q, and 
(AS,), may decrease as temperature increases due 
to the progressive solution of inclusions. Ward’ has 
found that Q, and (A3S,), do markedly decrease in 
the secondary recrystallization of cube texture cop- 
per as the melting point is approached. Also the 
results of Burke” show that Q, and (AS,), for grain 
growth are much smaller for high purity than for 
commercial purity a brass 

In primary recrystallization AF’ probably is very 
much larger with respect to J than in boundary 
migration processes driven by surface energy. Sup- 
pose that it is known that primary recrystallization 
occurs at a given temperature, T,, at a strain of 0.02. 
Then if Z is proportional to «, as assumed, the in- 
clusions should have a negligible effect in retarding 
boundary migration at T, for a strain of 0.10. Thus, 
unless the strain energy is greatly reduced by re- 
covery processes, inclusions should be effective in 
retarding boundary migration in primary recrystal- 
lization only when « is very small and (AS,), and Q, 
calculated when « is relatively large should ap- 
proach the real values. In the recrystallization of 
rock salt single crystals (AS,), and Q, are very 
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Substance Precess 


Aluminum Primary recrystallization 425-540 
Aluminum Primary recrystallization 310-370 
Aluminum* Grain growth 400-500 


Primary recrystallization 650-770 
Primary recrystallization 400-529 


Rock salt” 


Primary recrystallization 300-320 
Coppes Primary recrystallization 340-360 


Strain 


0.04 


0.051 23 9.2 55 65 


~O.1 
~0.3 44 18.4 20 30 


0.10 16 39.5 37 
0.10 10.3 14 13 24 


Copper Secondary recrystallization 900-1000 


Primary recrystallization 740-800 


Silicon ferrite 


43° 


533 


Secondary recrystallization 


Silver 


a brass Grain growth 450-700 


‘comm. purit 


a brass Grain growth 450-850 


thigh purity) 


* Entropy and heat of fusion calculated by atomic fraction averaging of corresponding constants for pure metals 


large for small strains (see Table I) and fall sharply 
as the strain is increased. More direct support for 
the hypothesis that inclusions often significantly re- 
tard boundary migration in primary recrystalliza- 
tion as well as in normal grain growth is furnished 
by the observations of Muller” that the boundaries 
move in spurts in the primary recrystallization of 
rock salt. 

However, Anderson and Mehl’s results on the 
primary recrystallization of pure aluminum show 
that at 625°K, for example, Q, and (AS,), are prac- 
tically as large for a strain of 0.10 as for a strain 
of 0.02. These results cannot be reconciled with the 
inclusion hypothesis, unless it is supposed that re- 
covery reduces the energy of cold working to a 
value almost independent of strain before boundary 
migration begins. 

Summary 
1—The relation between grain boundary migration 
rates and diffusion coefficients is derived on the 
basis of the absolute reaction rate theory. 
It is shown that in lattice self-diffusion the free 
energy of activation greatly exceeds that in 
grain boundary migration. 
3A corollary of 2 is that in grain boundary migra- 
tion the atomic mobility is many orders of mag- 
nitude larger than in lattice self-diffusion. 
4—-In silver the free energy of activation for grain 
boundary self-diffusion equals that for grain 
boundary migration, within the experimental 
uncertainty. 
The apparent entropy of activation for boundary 
migration is much larger than for self-diffusion 
processes. 
6—An explanation for the unexpectedly large en- 
tropy of activation in boundary migration proc- 
esses is given based on the concept that inclu- 
sions retarding boundary migration become less 
effective at elevated temperature due to their 
solution and coalescence. 
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Tabie II. Values of Entropy of Activation for Boundary Migration 
Tempera- 
ture 
13.3 17 36 
‘4 86 93 
23.4 41 54 
‘ 0.07 20.5 1:3 31.5 40.5 
15° 96 35 
7 
| 
3 
q 
ms" 


HE operation of a blast furnace is dependent to 
an important extent upon the sulphur content of 
materials charged and the desired limit of sulphur 
in the product. It has long been known that the blast 
furnace is the most efficient tool for desulphurization 
in common use and that this efficiency is associated 
with the strongly reducing conditions of the hearth 
and is enhanced by increased basicity and fluidity 
of the slag. The chemical reactions of desulphuriza- 
tion may be studied from the viewpoint of the ratio 
of the process or of the final equilibrium conditions 
Both kinds of studies contribute to an understand- 
ing of the process and both are included here 
A simple measure of the desulphurization powe1 
of a slag is given by the ratio 


Pct sulphur in slag (Pet S) 


Pct sulphur in metal [Pet S] 


This ratio was used by Holbrook and Joseph to 
measure relative desulphurizing powers under con- 
trolled laboratory conditions. It was also used by 


Hatch and Chipman’ as a measure of the equilibrium 
distribution. For the latter purpose it would be pref- 
erable to employ thermodynamic activities rather 
than but until very recently this has 
been impossible for lack of data. Now, thanks to the 
work of Morris and Williams’ and Morris and Buehl, 
the effects of carbon and silicon upon the activity of 
the known. The confirmation 
of this work and its extension to include the effects 
of other elements by Sherman and Chipman’ and by 
Rosenqvist and Cox’ make it possible to calculate the 
activity of sulphur in pig iron of any composition 
Hence now data on the 
librium distribution of sulphur to find its activity in 
the liquid 


percentages 


sulphur in metal are 


it is possible to use equl- 
slag and to approach an ultimate solu- 
tion of the thermodynamic aspects of the problem 

The rate of transfer of sulphur from metal to slag 

the problem of industrial importance and 
indeed the principal need for equilibrium data has 
been as a necessary adjunct to the kinetic studies 
The rate of approach to equilibrium under labora- 


tory conditions seems slow com dared to the 


major 


require- 


ments of industrial practice, and it is clear that 
further laboratory studies of rates are needed 

In the research reported below, the items which 
were investigated were the following: 1 The role 
of mechanical stirring on the approach to equilibrium 
2—The role of MgO in desulphurization as compared 
to CaO The role of MnO in desulphurization. 4 
The limiting reactions which constitute the slow 
steps in desulphurization 


Experimental Procedure 


The experimental set-up and procedure previously 


described by Hatch and Chipman’ were essentially 
followed with several small modifications. The 
graphite crucible containing the slag and metal 
charge was altered to provide considerably more 
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Effects of Manganese and Its Oxide On 
Desulphurization by Blast-Furnace Type Slags 


Fig. 1|—Moditied | a 
graphite stirrer and 3 
crucible S| if 
Bwere 
Ey 
p “Aa 
{ 


active stirring and mixing of the slag and metal in 


the carbon monoxide atmosphere. For this purpose 
the crucible was machined to provide two deep 
cylindrical wells which were interconnected at top 
and bottom as shown in Fig. 1. A graphite screw 
with a flat thread and of shallow pitch (4 threads per 
in.) spinning at 600 to 800 rpm was used to lift the 
slag and metal over the partition between the two 
wells and throw them over into the second well, 
where the metal settled through the slag into the 
reservoir at the bottom. It was possible to see actual 
particles of slag and metal being thrown over the 
partition. In this respect, the stirring was more vigor- 
ous than used in the work of Hatch and Chipman 

A charge of 400 g of wash metal was first melted, 
and 20 g of FeS was then added to vield a bath con- 
taining 1.65 pet S. Immediately 400 g of slag (as 
pure mixed oxides) was added and fused. The slag 
was generally fused in 1 hi 10 min. Within 30 to 
45 min after melting, the temperature was adjusted 
to 1525 C, and the first slag and metal samples were 
taken. The slag was picked up on the end of a cold 
Armco iron rod, whereas the metal was sucked into 
a silica tube. 

The wath metal composition was (in percent): 
4.29 C; 0.022 S; 0.021 P; 0.38 Si. The slags used were 
of four fixed starting compositions covering a wide 
range of acid-base ratios shown in Table I. Deliberate 
variations in MgO were made in these slags to check 
the role of MgO in blast-furnace desulphurization 
Changes due to additions and reactions were fol- 
lowed by analysis of samples 

Additions of Mn and MnO were made to most of 
the heats to note the role of Mn and MnO on desul- 
phurization. Three heats (62 through 64) were made 
in an open pot induction crucible (graphite) using a 

N. J. GRANT and J. CHIPMAN, Members AIME, are associated 


with the Department of Metallurgy, Massachusetts Institute of 
Technology, Cambridge, Mass. U. KALLING is associated with 


Avesta Steel Works, Avesta, Sweden 

Discussion on this paper, TP 3108C, may be sent, 2 copies, to 
AIME by Oct. 1, 1951 
February 1951 


Manuscript, Feb. 9, 1951. St. Louis Meeting, 


TRANSACTIONS AIME 


| } ( nt, Ca }, and hn Chipmar 
ae = 
J 
‘ 
; ‘ 4 
} 


Fig. 2 (left) —Desulphuriza- 


0. 164 
tion of iron by slag Ill at 
H wa 1525°C as a function of ! 


8% AND 1% Mw ADDEC 
AFTER 25 HOURS 
2% MeO AND 
METAL WITH CHARGE 


1% Mw ADDED 


Fig. 3 (right) —Desulphur- 


‘ \ ization of iron by slag IV s+ 
We at 1525°C as a function of \ 


slag virtually free of SiO, to study the role of Si and 
SiO, on desulphurization. A carbon monoxide atmos- 
phere at an excess pressure of 42 to 1 in. of water 
was kept constantly over the melt. 

Optical temperatures were read _ frequently 
throughout the course of a heat by sighting down 
the graphite tube (stirring shaft) to which the im- 
mersed stirrer head was attached. Periodic checks 
with a platinum thermocouple established the tem- 
perature errors to be +5°C, and deviation from 
1525 during a run seldom exceeded this figure. 

The stirrer was started as soon as the slag was 
molten, and this point was taken as zero time. 

The compositions of the slag and metal samples 
are shown in Table II. Table III shows the nature 
and the time of the additions made to each slag. 

The Effect of Slag Basicity: The sulphur content 
of the metal is plotted against the heat time at 
1525°C for each grade of slag in Figs. 2 to 5 with 
Fig. 2 being slag III, the most acid and Fig. 5 being 
slag II, the most basic. Zero time is the time when 
the slag is first judged to be molten. For heats 66 
through 80 the time from “start to add cold slag” to 
“slag molten” ranged from 35 to 65 min except heat 
73 which took 120 min. 

In each of Figs. 2 to 5 there is a “no addition” heat 
and these are compared in Fig. 6 from which it is 
very apparent that the basicity of the slag is an 
extremely important factor in contrelling the speed 
of the desulphurization reactions and the final sul- 
phur content of the metal. An approximate relation- 
ship between basicity, as measured by “Excess CaO” 
and the time required to read equilibrium is shown 
in Table IV. 

Effect of Stirring: While there is no direct measure 
of the difference in stirring effectiveness in the 
present heats compared to those of Hatch and Chip- 
man,” it is believed from observations that the 
present stirring method was much more vigorous. 
Nevertheless, the time to reach sulphur equilibrium 


Table |. Starting Slag Compositions 


Slag No. cad MeO ALO, 
I 50 33 15 
i 50 10 25 15 
ul 40 2 43 15 
IV aw 10 35 15 
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for similar heats of the acid type in both groups of 
experiments was of the same order, indicating that 
for these rather fluid slags the added surface con- 
tent was not too important a factor in the speed of 
the reactions. The initial desulphurization rate for 
all slags must be unusually high since the metal con- 
tains 1.65 pet S at the start and drops to the levels 
shown as the first values in Figs. 2 to 5 in 1 to 2 hr 

Role of MnO in Blast-Furnace Slags: Figs. 2 to 5 
show the effects of Mn and MnO when added to the 
initial charge or during the course of a heat. The 
arrow in each figure shows the time of the addition. 
When added during the heat, a very interesting and 
important effect is noted in that immediately after 
the addition of MnO there is for each slag and in 
every instance a reversion of sulphur into the metal. 
These 4 heats are shown in Fig. 7. The full extent of 
the reversion is not accurately determined because 
a sufficient number of samples were not taken dur- 
ing this period 

The cause of the sulphur reversion can be ascribed 
but to one effect and that is the temporary reoxida- 
tion of the slag through the reduction of MnO. This 
is especially interesting when it is considered that 
MnO is a basic oxide; the expected beneficial effect 
of the basic addition has been overshadowed by the 
adverse effect of oxidation. The same or greater 
effect could have been achieved by the addition of 
the more easily reducible oxide FeO to the slag which 
is known to affect adversely the desulphurizing 
power of slags of this type.” It will be noted that 
recovery of the system from the oxygen addition is 
more rapid the more basic the slag. 

Table II shows that most of the MnO is reduced 
to Mn in the metal. The maximum MnO remaining 
in any of the heats (nonequilibrium) is only 1.3 pet 
in the most acid slag while Mn in the metal runs as 
high as 5 pet 

Of great current interest is the effect of basicity 
on the MnO reduction from the slag. Manganese re- 
covery is defined as the ratio of Mn in the metal to 
total manganese. This ratio is plotted in Fig. 8 against 
Excess Base. A very similar curve was obtained 
using Excess CaO with about the same degree of 
scatter of points. Fig. 8 shows that with the most 
basic slags a recovery of about 96 pct of the man- 
ganese may be achieved, under near-equilibrium 
conditions. The most acid slag with essentially zero 
Excess Base shows 82 pct Mn recovery. The curve 
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Table !1—Compositions of Slag and Metal Samples Taken at 1525°C 
Heat No Metal, Wt Pet Slag, Wt Pet 
Slag No Sample Time Mn si cad MgO MnO FeO 
“4 1 0:40 0.006 
2 1:40 0 004 
; 2:30 0.003 1.15 50.00 1.34 48.55 0.090 
4 00 0.004 - 
145 0.0044 
6 4:20 0.0045 124 45.87 - 9.16 44.56 - 0.140 
osu 1 0:25 0.07 0.012 1.66 48.13 10.24 25.64 16.32 od 
2 1:30 0.15 0.008 1.68 25.74 _ 
30 0.008 
4 4.30 0.22 0.005 1.68 - 25.52 
5 5:30 0 0084 -- 
ts 6.20 0.28 0.004 1.71 48.79 9.90 25.48 15.92 0.025 
68 II 1 1:00 061 0.18 148 16.20 2.33 43.18 17.74 
2 2:00 0.96 0.125 154 42.60 
oo 1.72 0.066 59 41.56 
4 6.00 0.0415 
5 7:00 2.77 0.038 164 40.06 
8.00 0.031 
3 9.00 0.027 1.66 19.16 
8 10:00 1.65 0.026 1.68 39.21 2.35 38.56 16.28 0.072 
6p ry 1 1:00 0.19 o.144 1.55 14.80 10.38 35.42 17.08 
2 2.00 0.32 0.056 164 35.20 
0.50 0.038 1.65 - $5.08 
4 4:15 0.78 0 028 
4 6:15 1.12 0.020 1.67 4.20 
7:15 1.23 o.o19 
7 8:15 1.32 0.014 
9:15 1.45 0.0126 1.72 13.60 
9 10-15 1.39 1.19 OO17 1.26 0.123 
10 11:15 1.79 1.26 0.0155 0.70 0.073 
11 12:15 184 1.28 0.009 1 67 $8.30 10.07 4.20 14.78 0.51 0.071 
701 i 1-00 5.06 1.38 0.22 0.039 0.87 0.132 
2 2:00 4.88 1.60 067 0.028 064 
100 4.82 177 1.05 0.017 0.46 
4 4:00 4.75 1.81 1.25 ool - 0.46 
; 5.10 4.50 1.50 0.020 
46:00 1 al 1.54 0 009 - 0 086 
6:50 1.67 0.010 0.080 
7.50 4.73 1.74 0 009 O37 0.072 
4 1.87 1.81 0 009 1.65 19.61 10.16 17.90 O31 
7111 1 1-00 0.57 o.14 
2 2.00 1.15 0.085 
4.00 1.68 0 052 
4 4.05 2.16 0.035 
7:00 244 0.041 
8:30 1.19 0.028 
7 9.90 65 0.022 
& 10:15 0.018 
72 1 0:30 4.13 021 0.027 0.89 
2 1.00 49 0.017 0.57 
2.00 5.08 ati 0 48 ool 0.57 
4 200 5.02 as 0.008 0.38 0.115 
; 4-00 5.00 80 0.72 0.010 0.36 0.071 
7 6:00 4.95 93 1.17 0.008 1.61 32.60 0.33 0.097 
8 7.00 : 0.009 111 0.082 
a 00 15 0.0085 0 068 
10 10:00 26 1.08 0 007 1.61 47.98 2.06 32.14 15.72 0.52 0.090 
mu 1 0:15 4.12 141 0.06 0.016 1.63 47.15 9.39 26 06 15.62 0.64 
2 0.40 499 142 0 006 1.70 26.56 0.34 
1-40 5.15 1.88 0.11 0 006 1.74 26.14 0.14 
4 2.40 0.005 0.16 
} 40 1.77 0.004 0.08 
4.40 18 296 0.004 168 26.82 0.30 
7 40 0.004 
a 6:40 ».09 42 022 0.004 1.65 47.21 975 26.20 16.50 0.25 0.087 
741 1 0:30 0.14 0.037 1.67 47.29 2.33 33.80 17.42 0.187 
2 9 65 0.32 0.022 1.63 33.88 = 
1:65 0.015 
4 2.45 0.88 0.015 1.64 33.16 - 
4:10 1.19 0 0084 1.65 - 32.7: 
" 5:10 0 009 -- 
7 6:10 0.007 
8 7:10 147 0.007 1.66 49.41 2.41 32.08 15.58 0.058 
Om 0.029 0.109 
2 1:30 0.021 — 0.160 
2:00 4.01 0.025 - 3.60 0.138 
2:35 4.12 0.021 2.80 0.150 
} 2:6 441 0.014 - 2.36 0.125 
4.71 0.0135 1.80 0.127 
7 46 4.87 0.011 147 0.122 
65 5.04 0.007 1.23 0.075 
7) 6:65 5.10 0.0054 0.95 0.089 
10 7:85 5.08 0.0064 0.80 o.124 
il a.50 4.97 5.22 0.0067 1.50 48.50 2.07 12.52 16.08 0.87 0.105 
12 9:20 $95 -— - - - 0.82 0.102 
76 1V 1 1:30 0.044 
2 0.029 - 
oo 145 0044 2.40 
4 0 4.03 0.041 2.63 
5 41 4.26 0.030 2.22 
6 5:10 4.38 0.023 0.023 1.88 0.107 
7 6:40 451 ool 1.35 
7:20 4.72 0.014 - 3.21 0.080 
9 8:00 0.010 1.14 0.055 
10 8:30 497 0.009 1.29 
11 9:00 5.07 1.37 0.009 1.41 19.30 987 13.38 14.52 0.92 0.065 
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Metal, Wt Pet 
Sample Time Cc Mn Si 5s 


1 0.124 
2 2:30 _ - 0.088 
3 3:05 - 1.14 0.066 
4 3:35 - 3.46 -- 0.046 
5 4:05 - 3.27 0.049 
6 5:05 3.89 _ 0.042 
7 6:35 - 4.29 0.025 
8 7:35 4.26 - 0.011 
8:35 - 0.019 
10 9:35 - _- 0.0115 
11 0.0115 


1 $ 0.004 
2 0:50 - 0.004 
3 1:15 0.40 0.004 
1 0:05 0.015 0.028 
2 0:20 0.038 0.006 
0:40 3.04 0.015 
4 1:00 3.93 0.010 
5 1:20 4.37 0.0065 
6 1:50 4.82 0.005 
7 3:00 5.08 0.0044 
8 4.00 5.14 0.0044 
9 0.0046 


shown in Fig. 8 does not represent equilibrium 
values, since MnO was still in the process of being 
reduced as shown in Fig. 9. 

The effect of manganese on both desulphurization 
rate and equilibrium is very small and is confined to 
the two less basic slags. Disregarding the heats in 
which MnO was added during the experiment and 
considering only those in which Mn and MnO were 
included in the charge, the curves of the most acid 
slags shown in Figs. 2 and 3 indicate that the time 
required to reach a given sulphur level is slightly 
shortened by the addition. At the same time the final 
distribution is slightly improved; this is evident in 
the most acid slag where the effect is greatest. 

If the “manganese recovery ratio” is plotted against 
time, the curves shown in Fig. 9 for the 4 types of 
slags are obtained. These curves show the approach 
to manganese equilibrium with time as a function 
of basicity. As would be expected, the most basic 
slag (II) approaches equilibrium most rapidly, but 
even at 96 pct recovery has not reached equilibrium. 
The break in the curves for slags II and IV is due 
to a 2 pet MnO addition to the slag, and shows that 
the MnO is rapidly reduced. Heat 77 (slag III) did 
not have Mn and MnO charged initially as did the 
others and so does not have the same “zero.” 

The curves of Fig. 9 are almost a mirror image of 
the curves of Figs. 6 and 7 for desulphurization, the 


Fig. 4 (left) —Desulphuriza- 
tion of iron by slag | at 
1525°C as a function of ’ 
time. 


Fig. 5 


“Table 11 (Cont.)—Compositions of Slag and Metal Somples Taken at 1525°C 


(right! —Desulphur 


Slag, Wt Pet 
5s cad MgO S10, ALO, MnO FeO 


17.76 


1.65 48.00 10.03 25.72 15.06 0.132 


transfer of manganese and sulphur being in opposite 
directions. This suggests that MnO in the slag or the 
manganese recovery ratio might be a useful indicator 
for estimating the basicity of the slag but especially 
its degree of oxidation. 

FeO is too easily reduced, leaving quantities of 
less than 0.1 pet in the slag. Such a small amount is 
too difficult to analyze correctly. MnO, on the other 
hand, is less readily reduced than FeO, is more easily 
analyzed, and approaches equilibrium in about the 
same time as sulphur. 

Values of “manganese recovery ratio” for the blast 
furnace strongly suggest that in the blast furnace 
the slags are not as thoroughly reduced as the slags 
reported in this research (for a given basicity). This 
would correspond to a higher degree of oxidation of 
the slag, causing the lower desulphurization ratios 
noted in the blast furnace compared to comparable 
basic slags reported in this work 

Effect of MgO: One of the aims of this research 
was to establish the effect of MgO on the desulphur- 
izing power of the slag. For this purpose the start- 
ing slags were made up with 2 or 10 pet MgO. Since 
the principal desulphurizing oxide is known to be 
CaO, the subsidiary effect of MgO can be found by 
comparing slags with or without this component. 
The comparison is shown in Fig. 10 where the ratio 
(pet S)/[ pet S] in the final samples is plotted against 


04 


* ization of iron by slag I! at 
1525°C as a function of 


ait 


balling 
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time. Inset based on ex- 
panded sulphur scale. 
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Fig. 6 (left)—Comparison 
of slags | to IV showing 
pronounced effect of slag 
basicity on rate of sulphur 
removal and final suiphur 
All “no addition” heats \ 
\ 
\ 
\ 
\ 
Fig. 7 ‘right! —Comparison 
of siags | to wherein Mn 
and MnO are added during 
the heat 
\ 
Excess Base. The latter is defined here as the excess been used throughout this work. This was desirable 


number of mols of CaO MgO, per mol of slag 
over and above that required to form compounds of 


the type CaSiO, and CaAlLoO,. The straight line is 
taken from Sherman and Grant's’ treatment of Hatch 


data, adjusted slightly for the differ- 
The points for 2 pet MgO fall 


those for 10 pet considerably 


and Chipman’s 
ence in temperature 
lightly below this line 
below. The one point for a simple lime-alumina slag 
is on the line 

Fig. 11 is as in Fig. 10 
except that basicity is expressed as “Excess CaO” as 
defined by Sherman and Grant.’ The solid line is the 
ame line as the Zero MgO line of Fig. 10: and it is 
to be noted that the points fall uniformly about this 
limits of an error of 0.001 pct S in 
the metal which is represented by the dashed lines 
For comparison, the 1500 C based on the 
work of Hatch and Chipman is also included (dotted 
line) 

There is no preferential grouping of points in Fig 
of MgO content. Thus Figs. 10 and 11 


a plot of the same points 


line within the 


curve at 


ll on the basi 


confirm that whereas MgO is equal to CaO on a 
molar basis in the neutralization of ALO, and Si0O., 
only CaO is truly effective in the desulphurization 
of iron It should be added that the term Excess 


es aS an approximate measure of 


CaO merely ser 
Cc of compositions for which 


aO activity in the range 
it Is used 


The simple sulphur ratio in weight percent has 


Fig. 8—Manganese recovery as a function of Excess Base at 1525 °C 
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first because a direct comparison was permitted with 
the results published by Hatch and Chipman,’ and 
second because the data on sulphur activity in the 
metal in the presence of other elements is not yet 
complete. 

Factors Affecting the Rate of Desulphurization 
Recently, Derge, Philbrook and Goldman” suggested 
that of three probable reactions applicable to desul- 
phurization occurring in the blast furnace, the limit- 
ing reactions were the heterogeneous reactions in- 
volving the transfer of Fe and S to the slag and the 
reduction of FeO from the slag by C. 

The present research indicates that this is only 
true to a limited extent, but that other factors are 
operative which previously had not been investi- 
gated thoroughly enough. It is noted that: 

1—Fig. 6 shows the profound effect of basicity on 
the desulphurization rate which suggests that the C 
plus FeO reaction is in turn controlled by other 
reactions 

2—Fig. 7 shows the rapid response of metal sul- 
phur to oxygen and its equally rapid recovery from 
the effect of oxygen (from MnO) in all slags regard- 
less of basicity 


Table Ill. Nature of Additions Made to Each Heat 


Heat Siag Additions te Slag or Metal’ 


68 It No additions 
77 ul 4 Mn and 32 g MnO added after sample 2 
71 Ill 4 Mn and 8 g MnO added with initial charge 
69 IV 11 ¢ MnO added after sample 8 
76 IV 44 Mn and 32 ¢ MnO added after sample 2 
70 IV 42 Mn and 8 g MnO added with initial charge 
74 I No additions 
75 I 4@ Mn and 32 g MnO added after sample 2 
72 I 42 Mn and 8 g MnO added to initial charge 
8 g@ MnO added after sample 7 
66 1 No additions 
79 Il No additions 
80 Il 42 Mn and 30 g MnO added after sample 2 
73 I 42 Mn and 8 g MnO added to initial charge 
8 « MnO added after sample 5 
64 CaO-AlO, 10 @ SiOc added after sample 3 
*Based on 400 g of metal and 400 g of slag 


Table 1V. Time Required to Reach Sulphur Equilibrium 


Approximate Time 
for Equilibrium. 
ur 


Slag Heat Excess CaO 
il 68 none 12 
Iv 69 0.185 10-12 
I 74 0.253 6 
If 79 0.365 1 
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Fig. 9—Manganese recovery as a func- 
tion of time for slags | to IV at 1525°C. 


EXCESS 


Fig. 10—Desulphurization ratio vs. Excess Base 
at 1525°C comparing 2 and 10 pct MgO slags 


PER wr 


EXCESS CeO PER w oF A 


. Fig. 11—Desulphurizotion ratio vs. Excess 


CaO at 1525°C showing 0.001 pct S 
limits. Dotted curve for 1500°C. 


relative to the zero MgO line for slags of 1.65 


pet S. 


3—A large increase in stirring efficiency did not 
materially increase desulphurization rates in the 
slower more easily observable acid heats. 

These observations coupled with an examination 
of the analytical values in Table II suggested SiO 
reduction might in fact be the controlling reaction 

Accordingly, a heat was made using a slag com- 
posed of 50 pct by weight of both ALO, and CaO, a 
slag virtually free of SiO, or other reducible oxides. 
This heat, No. 64, shows that for a slag with Excess 
CaO of 0.442 the iron was completely desulphurized 
in less than 40 min from the time of the first, un- 
fused, cold slag addition. The heat was made in a 
graphite crucible open to the air and therefore was 
not made under as ideal reducing conditions as the 
other heats. A very violent gas evolution accom- 
panied the desulphurization reaction the moment the 
slag and metal were stirred. 

From the above it would appear that it is not the 
C and FeO reaction which makes the desulphuriza- 
tion process slow. Instead it is the slow reduction of 
SiO.. This reduction shifts the slag composition to 
greater basicity which tends to promote the desul- 
phurization reactions but at the same time provides 
oxygen to the slag which prevents efficient desul- 
phurization. The speed of the desulphurization re- 
reaction is directly related to the degree of oxidation 
of the slag. Easily reducible oxides such as FeO 
offer little impediment to desulphurization, whereas 
oxides such as the more refractory SiO. release 
oxygen slowly, maintaining an oxidized slag over a 
long period of time. This role of SiO, reduction on 
the desulphurization reactions is to be the subject of 
a separate research program. 

Conclusions 

1—Increased vigor of stirring the slag and metal 
has little effect on increasing the rate of desulphur- 
ization of iron for the more acid slags. 

2—Mn0O is readily reduced, reaching a reduction 
efficiency of 96 pct or more for the most basic slags. 
MnO remains in such small amounts in the slag that 
its influence is difficult to measure except in the most 
acid heats where it appears to increase the rate of 
desulphurization slightly. 
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3—Oxygen (from MnO) causes an almost im- 
mediate sulphur reversion into the metal. The slag 
recovers more slowly. The response is more rapid 
the more basic the slag. 

4— Manganese equilibrium is achieved more slowly 
than sulphur equilibrium but is of comparable time. 
Manganese recovery may serve as an indication of 
the degree of slag oxidation. 

5—The two most important factors on the speed 
of desulphurization and on the final sulphur in the 
metal are the basicity of the slag and the degree of 
oxidation of the slag. 

6—The basicity is best expressed by the value 
Excess CaO. 

7—MgoO is a poor desulphurizer but can replace 
CaO in neutralizing the acid constituents. 

8—The limiting reaction in controlling the rate of 
desulphurization is probably the reduction of SiO 
and not the heterogeneous reaction between C and 
FeO. 
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} recent studies of the factors which affect the 
rate of desulphurization and its equilibrium, it 
became apparent that certain concurrent reactions 
were operative which had a significant effect on 
desulphurization. This is emphasized in the experi- 
ments of Hatch and Chipman’ and of Grant, Kalling, 
and Chipman’ by the slow approach to a final state 
of equilibrium which is in marked contrast to the 
initial rapid transfer of sulphur from metal to slag. 
Since the removal of sulphur is of such profound 
importance in iron and steelmaking, it appeared 
necessary to investigate the reactions responsible 
for this behavior. 

It is now known that the presence of iron oxide in 
the slag interferes seriously with the principal re- 
action of blast-furnace desulphurization: 


CaO (slag) +S +C- CaS (slag) +CO [1] 


The interfering reaction is most simply expressed 

ais 

CaS (slag) + O— CaO (slag) +S [2] 
and a small concentration of oxygen (or FeO) is 
sufficient to hold a considerable amount of sulphur 
in the metal 

It has been shown by Grant, Kalling, and Chipman’ 
that the addition of MnO to blast-furnace slag slows 
the removal of sulphur from the metal. This effect 
overshadows the contribution of MnO to basicity 
and is ascribed to its oxidizing power, 

It will be shown in this paper that SiO. also has 
sufficient oxidizing power to interfere with blast- 
furnace desulphurization. This is, of course, only 
one of its several effects. Primarily it is an acid and 
therefore reduces the concentration of excess lime 
But when silicon is reduced to the metal the oxygen 
to which it was previously bonded becomes in part 
available for reaction 2. The proof of this statement 
is found in the following experiments 


{ Experimental Procedure and Results 


Utilizing the same procedure and apparatus de- 
scribed by Grant, Kalling, and Chipman’ five addi- 
tional heats were made using slags IV and II, the 
starting compositions of which were: slag IV—40 
CaO, 10 MgO, 35 SiO., 15 AL.O,: and slag II—50 CaO. 
10 MgO, 25 SiO., 15 ALO 

An important difference between these heats and 
those previously reported was that silicon to the 
extent of 1 to 4 pet was added to the present heats 
whereas the starting silicon content was formerly 
about 0.2 pct 

Table I shows the slag and metal analyses for 
heats 82 to 87, and Table II shows the silicon addi- 
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Effect of Silica Reduction on the Desulphurizing Power 
Of Blast-Furnace Type Slags 


nn Chipmar 


Table |. Slag and Metal Analyses of Samples Taken at 1525°C 


Heat, Slag Metal, Wt Pet Slag, Wt Pet 
and Sample 
Nes Time Cc si s Ss CaQ MgO S10. ALO 
82iv 1 0:30 461 175 0.015 1.64 33.52 
2 1:30 0.014 
3 2:30 4.63 2.12 0.0109 1.64 33.26 - 
4 3:30 0.0107 
5 4:00 0.0100 
6 5:30 4.40 2.52 0.0090 1.67 38.24 11.11 32.38 15.20 
7 6:30 0.0094 
asiv 1 0:30 4.08 2.73 0.0142 1.62 448 
2 1:00 0.0112 
2 1:30 0.0110 
4 2:20 3.98 288 0.0106 1.42 4.24 
5 0.0101 
6 4:30 0.0101 
7 5:0 4.00 3.05 0.0104 163 367 12.07 33.94 15.60 
0:30 3.80 392 0.013 14.3 
2 1:30 0.010 
2:30 0.010 
4 4:50 3.87 4.14 0.009 
5 6:30 0.009 
6 8:30 427 0.009 
7 9:30 3.73 4.56 0.009 1.67 36.35 11.51 33.4 16.88 
“eu 1 0:20 4.469 1.41 06.0037 1.55 466 10.72 25.42 14.82 
2 1:50 0.0031 
4:50 4.75 122 00031 1.59 26.56 
4 6:50 0 0026 
5 8:50 4.80 121 6.0033 161 46.7 9.64 26.98 13.16 
0:30 4.06 359 0.003 1.50 44.8 10.49 27.08 14.56 
2 1:30 0.003 
3 1:30 421 $12 0.003 1.64 27.94 
4 6:00 0.003 
5 8:30 0.003 
6 9:15 441 259 0003 162 444 9923 28.66 13.50 


tions made to the charge. These additions are based 
on 400 g of metal and 400 g of slag. All heats had 
1.65 pet S charged before the cold slag additions. 
The temperature was maintained at 1525 °C. 

Rate of SiO, Reduction: Fig. 1 shows the silicon 
content of the metal in contact with slag IV at 
1525°C as a function of time. Heat 70 from the 
work of Grant, Kalling, and Chipman is included as 
the lowest start ng silicon. It will be noted that 
even with 4 pct Si in the starting metal, there is an 
increase in silicon content with time. Heat 84 is 
apparently approaching silicon equilibrium very 
slowly. Heats 70 and 82 with very much lower 
starting silicon show a more rapid initial rise in 
silicon content but do not reach equilibrium during 
a long holding period. 

Fig. 2 shows 3 different initial silicon contents 
for heats 73 (from Grant, Kalling, and Chipman) 86 
and 87, in contact with slag II, the most basic slag 
Heat 73 is increasing in silicon with time, whereas 
heat 87 with an initial silicon content of 3.7 pct 
shows a decrease with time. Heat 86 shows a very 
close approach to equilibrium. The rate of transfer 
of silicon from slag to metal is very slow in all of 
those heats, even those which are initially far from 
equilibrium 

G. G. Hatch and J. Chipman: Sulphur Equilibria between Iron 
Blast-Furnace Slags and Metal. Trans. AIME (1949) 185, p. 274 
Journal of Metals ‘April 1949) 

N. J. Grant, U. Kalling, and J. Chipman: Effects of Manganese 


and Its Oxide on Desulphurization by Blast-Furnace Type Slags 
This volume, p. 666 
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Fig. 1—Increase in silicon content of metal with time for slag 1V 
at 1525°C. 


Fig. 3—Decrease in sulphur in metal with time for slag IV at 
1525°C for heats of different initial silicon content. 


Effect of Silicon Content on Rate of Desulphuriza- 
tion and on Sulphur Equilibrium: Figs. 3 and 4 
show curves of sulphur in the metal vs. time at 
1525°C for the same heats as in Figs. 1 and 2. Fig. 
3 is for the more acid slag IV. It is very obvious 
that the addition of silicon to the charge affects 
profoundly the rate of sulphur removal. The effect 
on final sulphur is apparently smaller than the ex- 
perimental uncertainties. The direct effect of silicon 
in the charge is to prevent or minimize the reduction 
of silicon from the slag thus depriving the silica 
of its oxidizing power. 

Fig. 4 is for the very basic slag I], using an ex- 
pended ordinate of twice that of Fig. 3. For this 
slag also there is an effect on the desulphurization 
rate due to an initial high silicon content of the 
molten iron. Fig. 4 must be viewed with some 
caution, however. The very high basicity of slag Il 
and the high desulphurization rate imply that some 
significant desulphurization must have occurred 
even before the slag was judged to be molten. Ac- 
cordingly, a better “zero time” might be the time 
of the initial addition of the mixed cold slag (as 
oxide components). From “start of cold slag addi- 
tion” to the first sample for the heats of Fig. 4 the 
times are: heat 73, 95 min; heat 79, 95 min; heat 86, 
140 min; and heat 87, 165 min. Even on this basis 


Table Silicon Additions 


Approximate 
Addition 


19g Si 
8¢Si (2 
19g 


Time 


Fig. 2—Change in silicon content of metal with time for slag I! 
at 1525°C. 


Fig. 4—Decrease in sulphur in metal with time for slag Ii at 
1525°C for heats of different initial silicon content. 


there is, however, a significant improvement in de- 
sulphurization rate as the silicon in the charge in- 
creases. There also appears to be a slight improve- 
ment in the final sulphur with increased silicon con- 
tent of the metal. 

Distribution of Silicon Between Slag and Metal: 
There are no experimental data in the literature on 
the equilibrium between silicon in pig iron and 
silica in the slag. This equilibrium is expected to be 
strongly affected by temperature and by slag 
basicity. The latter effect is demonstrated in Figs. 
1 and 2. Under the more basic slag II the equilib- 
rium silicon content is in the vicinity of 1.2 pct, 
while with the more acid slag IV it is well above 
4 pet. In a qualitative way the data of Hatch and 
Chipman and of Grant, Kalling, and Chipman show 
the same effect. Further research is clearly needed 
before quantitative conclusions regarding this 
equilibrium can be drawn. 


Summary 

The rate of removal of sulphur from molten pig 
iron is affected by the silicon content of the iron. 
The results are interpreted as showing that silica 
in the slag is a sufficiently good oxidizing agent to 
interfere with the principal desulphurizing reac- 
tions. When sufficient silicon is present to prevent 
further reduction of silica the transfer of sulphur 
from metal to slag is extremely rapid. 

The distribution of silicon between slag and metal 
is an important factor in desulphurization and re- 
quires further study. 
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This paper reports the distribution of sulphur between iron 
and titanium in Fe-Ti-S alloys and in Fe-Ti-C-S alloys. The 


compound TiS was found, which exists as a separate phase at 
temperatures below 1200°C. Titanium in steels reacts with 


HE general relationship between sulphides and 

oxides suggests that titanium should form a 
sulphide having properties similar to those of tita- 
nium oxide. Specifically, titanium should form a 
sulphide having a high melting point, indicating a 
stable compound of low solubility in iron. In order 
for titanium to function as a desulphurizer or sul- 
phur-fixing agent, it must form a stable sulphide 
In order for titanium to be useful in steels as a 
sulphur-fixing agent, it must react with sulphur in 
preference to carbon; and to prevent red shortness, 
the sulphide formed must have solubility charac- 
teristics such that grain-boundary precipitation of 
a low melting phase be prevented. The terms de- 
sulphurizer and sulphur-fixing agent when used in 
this paper mean that titanium effectively ties up 
the sulphur as a stable sulphide of titanium and 
prevents the formation of FeS 

The partition of sulphur between iron and tita- 
nium was studied first in a series of Fe-Ti-S alloys 
with carbon absent, and then in similar alloys with 
carbon present. 

It has been established’* that titanium forms in 
Fe-Ti-S alloys a sulphide of undetermined compo- 
sition which can be identified microscopically, and 
that the titanium-sulphur compound does not re- 
spond to sulphur printing. It has been suggested 
that titanium acts as a sulphur-fixing agent, al- 
though little proof has been given. A report’ of The 
Advisory Committee on Metals and Minerals sum- 
marizes the existing knowledge concerning substi- 
tutes for manganese in steels. 


Distribution of Sulphur Between Iron and 
Titanium with Carbon Absent 


The alloys for this investigation were made by 
melting Armco iron, metallic titanium, and iron 
sulphide in alundum crucibles in an induction fur- 
nace. The titanium was added after the other in- 
gredients had melted. In these alloys it Is recog- 
nized that some TiO. is present, since the melts were 
made in the air and since no other deoxidizing agent 
was used; therefore, some of the titanium was not 
available for union with sulphur. Thirteen ingots 
were made. Ingots 2 to 8 were cast in baked-sand 
molds; ingots 12 and 13 were cast in metal molds; 
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sulphur in preference to carbon. 


and ingot 9 was allowed to cool in the crucible in 
which it was melted. All ingots were annealed at 
900°C for 3 hr and were cooled slowly in the fur- 
nace. Subsequent information indicates that this 
anneal had no effect upon the titanium sulphide 
particle size, since the sulphide does not go into 
solution at this temperature. The ingots as-cast 
were approximately 8 in. long and %4 in. diam. The 
compositions of the eight ingots and the results of 
the partition of sulphur are recorded in Table I. 
Total titanium and total sulphur were determined 
by standard gravimetric methods. Sulphur, as iron 
sulphide, was determined by the evolution method 
Boiling HCI (1:4) liberates the sulphur from iron 
sulphide, but leaves the titanium sulphide prac- 
tically undecomposed. A complete separation of 
titanium sulphide and iron sulphide cannot be made 
by digesting these compounds in dilute HCI since 
titanium sulphide was found to dissolve slowly. The 
amount of titanium sulphide decomposed will de- 
pend upon the time in contact with the acid and 
upon the particle size of the sulphide. The point 


Table |—Partition of Suiphur between Titanium and Iron 


S Selu- S Inselu- 
ble in ble in Total 
Total Total Ratio HCL. Pet HCI, Pet Sas 
Alley Ti, Pet S, Pet Tis (Sas Fes) (S as TIS) TiS, Pet 

2 0.385 0.504 0.458 0.025 
0.395 0.504 0.456 0.026 

0.3%) 0.504 0.77 0.457 0.026 52 
‘ 0.211 0.182 0.158 0.011 
0.209 0.190 0.162 0.014 

0.210 0.186 1.13 0.160 0.013 70 
0 468 0.207 0.163 0.031 
0.458 0.201 0.164 0.029 

0.463 0.204 2.27 0.164 0.030 15.0 
6 0.515 0.189 0.135 0.039 
0.511 0.187 0.138 0.041 

0.513 0.188 2.75 0.137 0.040 22.2 
0.368 0.122 0.012 0.080 
0.372 0.135 0.013 0.079 

0.370 0.129 286 0.013 0.080 62.0 
0.700 0.329 0.313 
0 699 0.320 0.011 0.307 

0.700 0.325 2.15 0011 0.310 95.5 


12 0.240 0.234 0.092 
By differ 
0.251 0.240 0.114 ence 
0.246 0.237 1.04 0.103 0.134 56.7 
13 0.154 0.315 0.133 
By differ- 
0.161 0.295 O14 ence 


0.158 0.305 0.52 0.139 0.166 54.5 
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| Desulphurizing Action of Titanium in Steel 
esulphurizing Action of Titanium in Steels 
3 by W. P. Fishel, William P. Roe, and James F. Ell 
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involved is one of reaction or solution rates. There- 
fore, the figures representing sulphur as FeS in 
Table I are probably high, and those for sulphur as 
TiS are correspondingly low. The sulphur not lib- 
erated by HCl in the evolution flask was determined 
gravimetrically. This was considered to be titanium 
sulphide, which in this paper is represented by the 
formula TiS. 

The percentages of sulphur in these alloys are 
much higher than would be found in commercial 
steels. They were made so intentionally in the in- 
terest of better separations. The ratio of titanium 
to sulphur as well as the amounts of titanium and 
sulphur in these alloys cover wide ranges. In alloys 
2, 4, 5, 6, and 8, which were cast in sand molds, 
there is a gradual increase in the ratio of titanium 
to sulphur from 0.77 to 2.68. There is also an in- 
crease in the amount of total sulphur combined with 
titanium as the Ti:S ratio increases. The rapid cool- 
ing given these alloys produced finely divided par- 
ticles of titanium sulphide. These small sulphide 
particles suffered more loss by solution during the 
evolution analysis with HCI than did the larger par- 
ticles of alloy 9. The values given for sulphur as 
TiS could be too low if the samples were digested 
for a very long time, or too high if not digested long 
enough so that some FeS was left undecomposed. 
Considering the methods used in these analyses, it is 
believed that the values given for sulphur as TiS in 
most cases are low. 

Alloy 9 was cooled slowly from the melt and was 
found to contain large particles of titanium sulphide 
In this alloy 95.5 pet of the total sulphur was pres- 
ent as TiS, although the ratio of Ti:S was only 2.15 
In Fig. 1 the micrographs of alloy 9 show large sul- 
phide particles. 

Alloys 12 and 13 were cast in metal molds. They 
had low ratios of Ti:S, yet they showed a rather 
high percentage of sulphur as TiS. This is probably 
due to better melting procedures that resulted in 
less oxidation of the titanium and hence left a 
higher percentage of titanium to react with sulphur. 

From the data presented in Table I, it is evident 
that titanium reacts with sulphur and that the 
distribution of sulphur between titanium and iron 
varies with the amounts of titanium and sulphur 
present. The ability of titanium to tie up sulphur 
becomes more pronounced than the above data 
indicate, when it is remembered that part of the 
titanium in these alloys has united with oxygen and 
is not available for union with sulphur. 


Composition of Titanium Sulphide 


In order to determine the composition of the 
sulphide formed, residues were prepared from alloy 
9. This alloy was carbon-free and contained large 
sulphide particles. Approximately 300 g of turnings 
were taken from this alloy and were treated with 
1:4 HCl at room temperature in a flask from which 
air was excluded. After all visible action had 
ceased, the acid was siphoned off and fresh acid 
added. This process was continued for six weeks 
At this time no noticeable action accompanied the 
addition of fresh acid. A fineiy-divided, black resi- 
due remained which was washed several times with 
distilled water and allowed to settle. The same pro- 
cedure then was carried out with absolute alcohol. 
The alcohol suspension of the residue was centri- 
fuged; only the heavier portion of the residue was 
collected. At this point the residue appeared bronze 
in color. The alcohol was poured off, and the last 
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Fig. 1—Micrograph of Alloy 9. 
U pper—Fe-Ti-S, unetched. Particles of titanium sulphide and 
boundary segregation. X160 
Lower—Unetched. Particles of titanium sulphide. X650. 


traces were removed by repeated ether treatments. 
The ether was removed by centrifuging and evap- 
oration; a finely-divided, black powder remained. 
This residue was nonmagnetic, and appeared stable 
in air. 

This residue was analyzed and gave the follow- 
ing results: Ti, 59.2 pet, 59.2 pet; and S, 18.2 pct, 
18.1 pet. 

Approximately 20 pct of the total is unaccounted 
for. The amount missing is about equal to the 
sulphur present. The most obvious explanation is 
that the residue is a mixture of about equal parts 
of TiS and TiO.. Any mixture of TiS and TiO 
when ignited to TiO, would not change weight, 
since one sulphur (atomic wt 32.07) is replaced by 
two oxygens (atomic wt 16.00). This would not be 
true for any other sulphide of titanium or for a 
nitride or a carbide. 

A sample of the residue was ignited to constant 
weight. Sulphur dioxide was evolved and a white 
powder resulted. The weights were as follows: 
weight of residue, 0.0714 g; weight after ignition, 
0.0717 g; and pet Ti in the residue, 60.2 pct. The 
ignited residue is TiO.. This is considered proof that 
the sulphide present in the alloy has the formula 
TiS. The slight gain in weight which occurred could 
be attributed to some TiN being converted to TiO.. 

Solubility: In order to determine the temperature 
at which the sulphide formed or precipitated from 
solid solution, which should be near the temperature 
at which it dissolved on heating, several heating and 
quenching tests were made. 

Four pieces of alloy 9 were taken. One sample 
was held for 2 hr at each temperature listed in 
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Table !i—Temperature and Hardness Tests for Alloy 9 


Hardness Hardness 
Sample before after 
Temperature. Quenching. Quenching. 
Rockwell E Rockwell E 
1000 48 50 
1100 48 90 
1200 48 93 
1250 46 93 


Table II and then quenched in water. Evidently the 
TiS did not dissolve at 1000°C, but did dissolve to 
some extent at 1100°C. This conclusion is confirmed 
by the microstructure. By a comparison of the 
structure before and after annealing, it was ob- 
served that the large sulphide particles had broken 
down to some extent at the higher temperatures 
into smaller ones, and that some grain-boundary 
precipitation had taken place. 


Distribution of Sulphur between Titanium and 
Iron with Carbon Present 

For this study five alloys were made exactly as 
before with the exception that carbon was added 
as lump graphite. The carbon was added immediately 
after the iron was molten and before the addition of 
titanium. The addition of carbon produced sounder 
ingots due to the deoxidation of the metal, this in 
turn allowed for less oxidation of the alloying 
element so that titanium could exert its full effect 
as a desulphurizing agent. The melts were poured 
into metal molds and were annealed at 900°C 

The alloys were analyzed for total titanium, total 
sulphur, total carbon, sulphur as FeS, sulphur as 
TiS, and carbon as TiC. Since TiC is insoluble in 
HCl, a good approximation of the amount of ti- 
tanium united with carbon may be had by dissolv- 
ing the steel in dilute HCl, filtering the insoluble 
residue in a combustion thimble, and igniting to 
CO.. The residue from HCl contains all of the TiC 
present in the steel and some free carbon resulting 


Table Present in Titanium-Sulphur-Corbon 
Alloys 


selu- Selu- Pet 
ble in ble in as TIS Total 


by 
Pet Peti(S as 
Tetal Teta! Ratio Total Ratio (€ as as fer- Tis, 
TI TEC TiC)* Fes) ence) Pet 
0380 O31 0.272 0.079 128 
0.392 0.357 0274 0.076 0.148 0.197 
0.386 0.335 1.15 0.273 141 0078 06.138 0.130 a9 
nh 0282 0.292 0.109 0032 0.085 
0282 0279 0.109 0.027 0.085 0.201 
0282 0.286 099 0109 259 0030 0.085 61 
‘ 0.198 0246 0.151 0.024 0.089 
0221 0254 0.143 0.033 0.084 0.164 
0210 0250 oud 0.147 143 0028 0.086 0182 74 
0.281 0221 0.154 0027 0.092 
0260 O177 0.152 0019 0.092 0.102 
0270 0.194 139 0.153 177 0023 0.092 6109 
F 0206 0206 0.358 0028 0.065 
0214 0.185 0.363 0.034 0.07! 0.128 
0210 0.196 1.07 0.3961 058 0031 0.068 0133 67 


* These values are too high due to free carbon from Fe 
t Results by analysis 
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from the action of the acid upon Fe,C. The values 
for carbon as TiC are therefore a little higher than 
the true values. 

Table III gives the compositions of the five alloys 
and the compounds found in them. There is more 
carbon present than is required to react with all 
the titanium. Despite the presence of excess carbon, 
the data show that a considerable amount of ti- 
tanium sulphide is formed. For example, in alloy D 
over half the sulphur is present as titanium sul- 
phide, even though the Ti:S ratio is only 1.39, and 
in spite of the presence of twice as much carbon as 
is needed to react with all the titanium present. 
Some of the values presented in Table III do not 
agree very well among themselves. If the amount 
of titanium as carbide and the amount as sulphide 
is calculated, the total is greater than the total tita- 
nium listed. Part of this discrepancy is due to the 
known high values of C as TiC, col. VI, part to the 
inability to make a clean separation between FeS 
and TiS, and the remainder to analytical errors. In 
spite of the inexactness of the figures presented, 
Table III serves to give a qualitative picture of the 
distribution of sulphur between titanium and iron 
in alloys containing carbon. In all these alloys, with 
the exception of alloy A, over half the total sulphur 
is present as HCl-insoluble titanium sulphide. Very 
little titanium carbide is present. The values for C 
as TiC, col. VI, multiplied by 4 gives the titanium as 
TiC. It will be noted that the Ti:S ratios in these 
alloys are below 1.5, the ratio for TiS; hence there 
is insufficient titanium present to react with all the 
sulphur. At this stage of the research the identity of 
the titanium sulphide was not known; otherwise, 
alloys with higher ravos would have been used 
Later work by another investigator shows that if the 
Ti:S ratio is above 2, nearly all the sulphur is pres- 
ent as TiS. 

These alloys were examined microscopically. All 
contained pearlite and particles of titanium sul- 
phide. 

From the above it would appear that titanium in 
steels reacts with sulphur in preference to carbon, 
and that titanium tends to tie up sulphur as a sul- 
phide, thus inhibiting the formation of iron sulphide. 

One ingot containing 0.5 pct C, 0.05 pct S, 0.15 pct 
Ti, but no minganese was hot rolled to a thin strip 
Several ingots of similar compositions were hot 
forged. The hot working properties were normal 


Conclusions 


1—It has been shown that titanium will react 
with sulphur in steels containing carbon to form TiS, 
insoluble in y iron below 1000°C: and that titanium 
reacts with sulphur in preference to carbon. 
2—Titanium can replace manganese as a sulphur- 
getter in steels 
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E. J. Kennedy, Jr 


The following amendments to the bylaws of the 
AIME were considered by the Board of Directors at its 
meeting on June 13, and are published preliminary to 
a vote thereon at the meeting of the Board on Sept. 12: 
1. To standardize the dues of Student Associates, al- 
lowing each a subscription to a monthly journal: 

Amend Art. I, Sec. 8, as follows by deleting the 
italicized words in the second sentence: “A full-time 
student in good standing in an approved school, who 
has been nominated by at least three instructors of 
the nominee (one of whom must be an Institute mem- 
ber), may affiliate with the Institute as a Student As- 
sociate by payment of $4.50 annual fee, for which he 
shall receive a subscription te one monthly journal 
and be privileged to attend meetings of the Institute 
and to use the Engineering Societies Library and the 
Personnel Service; provided, however, that for Student 
Associates who do not elect to receive a monthly 
journal, the annual fee shall be $2.” 

2. To provide for a credit of $2 on the initiation fee 
for each year of enrollment as a Student Associate or 
Junior Member 

Amend the first sentence of Art. II, Sec. 1, by adding 

the italicized words in the following: “Each newly- 
elected Member or Associate Member, and each Junior 
Member at the time of his transfer into the class of 
Member or Associate Member, shall pay, immediately 
upon notification of such election or such transfer, an 
initiation fee of $20; provided, however, that said 
initiation fee may be payable, at the option of the 
applicant, in four equal annual installments, the first 
of which shall be due upon notification of election or 
transfer; and provided further that, beginning Jan. 1, 
1952, a credit of $2 towards the initiation fee be granted 
for each year up to ten of uninterrupted and continuing 
membership as a Student Associate or Junior Member, 
or both. When such credit is allowed, no installment 
payments of the initiation fee shall be granted.” 
3. The following changes, to take effect at the annual 
business meeting, February 1952, are made necessary 
by the revised procedure of the Nominating Committee 
in naming a President-Elect instead of a President. 
(Currently there is a transition period in which both 
a President and President-elect are being named for 
1952.) 

Amend Art. VI, Sec. 1, para. 1 and 2, to read as fol- 
lows: “The number of Directors of this Corporation is 
27, consisting of one President, one President-elect, 
one Past President, six Vice-Presidents, and 18 other 
Directors, to be elected as hereinafter provided; and 
in addition the Chairman of each duly constituted pro- 
fessional Division of the Institute, ex officio, shall 
serve as a Director, with full voting power, during 
his term as Chairman. 

“At the regular November meeting of the Board of 
Directors or Executive Committee, the chairman 
thereof shall declare to be elected, as provided in 
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AIME Board to Vote on Bylaw Changes at Sept. 12 Meeting 


Article XI of these Bylaws, nine Directors, of whom 
one shall also be designated as President-elect, and of 
whom two shall be designated as Vice-President. The 
nine Directors, including the Directors designated as 
officers, together with the newly elected Division 
Chairmen in their capacity as ex-officio Directors, shall 
take office at the annual business meeting of the In- 
stitute next following the meeting at which they were 
declared elected. The term of all nine elected Directors 
shall be for a period of three years; provided, however, 
that the terms of the President-elect and President 
shall each be for one year, the President thereupon 
serving one year as Past-President.” 

Amend Art. VI, Sec. 2, para. 1, sentences 2 and 3), to 
read as follows: “The President shall be that Director 
who, in the preceding year, served as President-elect 
The President shall be ineligible to hold that office 
again until two years after the expiration of his term 
as President.” 

Amend Art. VI, Sec. 3, to read as follows: “In the 
event of a vacancy occurring in the Board of Directors 
by death, resignation, promotion by election as Presi- 
dent, President-elect, or Vice-President, or for any 
other reason than retirement at the end of three years’ 
service, the remaining members of the Board shall 
elect a successor to fill the vacancy and to serve for 
the unexpired term. A member of the Board whose 
term has not expired and who is elected President- 
elect or Vice-President at an annual election shall be 
considered to have vacated his former office, and the 
Board shall fill the vacancy as above provided.” 

A proposed change in Art. I, Sec. 5, (sentence 2) 
clarifies the meaning formerly expressed: “He shall 
not have passed his 30th birthday anniversary at the 
time his application is received, and shall not remain 
a Junior Member beyond his 33rd birthday anniver- 
sary, except that the Board of Directors shall have the 
power to waive the age limitation in the case of vet- 
erans from military service.” Omit: “(This last re- 
quirement shall take effect Jan. 1, 1950)” as obsolete. 

A proposed change in Art. VI, Sec. 5, (sentence 2) 
recognizes the new office of Controller, approved by 
the Board at its meeting on Feb. 12, 1950: “Also, the 
Board may, upon nomination by the Treasurer, appoint 
one or more persons to perform the duties of Assistant 
Treasurer and of Controller.” 

A proposed change in Art. VIII, Sec. 2, para. 3, 
(sentence 5) sets a more practical time for the Board 
to pass on the final annual budget: “The Directors 
shall pass on this budget at their first open meeting 
after the annual business meeting of the Institute, 
modifying it as they consider necessary, and make 
definite detailed appropriations for the current cal- 
endar year.” 

A proposed change in Art. VIII, Sec. 4, (sentence 1) 
eliminates the requirement that the Admissions Com- 
mittee be limited to eight members: “The Committee 
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on Admissions shall consist of at least eight members 
of the Institute, the chairman and at least one other 
member being chosen from the Board of Directors, 
and shall be appointed by the Board, on recommenda- 
tion of the President, at the first meeting of the Board 
after the annual business meeting of the Institute.” 

A proposed change in Art. LX, Sec. 1, eliminates the 
second sentence, as no longer applicable. It reads: “In 
1951 the Nominating Committee shall also select, as 
one of the nine Directors, a President to take office 
in February, 1952.” 

A proposed change in Art. IX, Sec. 2, para. 2, 
(sentences 4 and 5) eliminates a provision in the cur- 
rent bylaws that did not prove practical but maintains 
its intent: “In selecting candidates the Committee shall 
be guided by such rules of procedure as may from time 
to time be established by the Board; provided, how- 
ever, that of the eight Directors in addition to the 
President-elect, a sufficient number be selected on the 
basis of geographical districts so that each such dis- 
trict will have at least one representative. The basis 
of selection of the others shall be at the discretion of 
the Committee.’ 

A proposed change in Art. XI, Sec. 4, para. 3, 4, and 
», eliminates the requirement that Student Chapter 
officer Faculty Sponsors, and Counselors all be re- 
quired to make annual written reports to the Board 

“Each Student Chapter at its annual election shall 
choose an AIME member to be its Faculty Sponsor 
and forward his acceptance to the Secretary of the 
Institute. It shall be the duty of the Faculty Sponsor 
to promote the best interests of both the Student 
Chapter and the Institute and to make written reports 
of his stewardship to the Directors of the Institute as 
lesired 

“It shall be the duty of the President of the Student 
Chapter and its Faculty Sponsor to secure, through the 
Local Section in whose territory it is situated, the ap- 
pointment of a member of the Institute in the practic- 
ing profession to serve as Counselor for the Student 
Chapter, and to forward his acceptance to the Sec- 
retary of the Institute. It shall be the duty of this 
Counselor to promote cordial relations between the 
practicing engineers and the Student Chapter and to 
make written reports of his stewardship to the Di- 
rectors of the Institute as desired 

It shall be the duty of each Student Chapter to re- 
port promptly to the Secretary of the Institute the re- 

ilts of elections of officers, and to make written re- 
ports of activities to the Directors of the Institute as 
desired.” 

Opinions of AIME members on these proposed 
changes are invited and will be submitted to the 3oard 
before voting on Sept. 12. A copy of the current by- 
laws will be sent to any AIME member on request 


Pan-American Engineers Adopt 
Constitution at Havana Meeting 


Pan-American Union of Engineering Societies 
(UPADI) held a meeting in Havana, Cuba, Apr. 19 to 
22, to adopt a constitution for its operation. AIME 
representatives F. T. Agthe and W. H. Carson were 
among the Engineers Joint Council delegates repre 
senting engineering societies of the United States. The 
99 delegates from 19 nations spoke for 165,000 engi 
neers, of which EJC represented 125,000 

A provisional constitution was approved that will be 
in force until the next UPADI meeting in New Orleans 
in 1953. The aims of UPADI, as stated in the constitu 
thon are to encourage, promote, expand, and guide the 
work of engineers in the Americas. It will hold periodic 
Pan-American engineering congresses and expositions 
that will promote individual and collective visits be 
tween member countries and to other places of interest; 
interchange of teachers, lecturers, engineers, and stu 
dents between schools and engineering associations 
and personal contacts between engineers of different 
countries 
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In addition, UPADI will organize and develop rela- 
tions between engineering organizations on an admin- ; 
istrative level; technical, professional, economic, and 
social interchange, either individually or collectively, ' 
among the members of the constituent organizations; 
technical competitions among the engineers and engi- 
neering students of the Americas; professional rules 
of practice; and application of professional codes of 
ethics. It will promote the study of technical problems 
which jointly affect member countries, and inter- 
American public works and economic problems 
UPADI aims to contribute to the enhancement of 
the status of the engineering profession; increased use- 
fulness of the profession to the public; strengthening 
the cause of peace and the ties between nations; closer 
technical relations between American countries; and 
economic development of American countries “ 
Each country will be represented by only one mem 
ber. Financing will be through a separate permanent 
agency that will collect, deposit, and control dona- 
tions, bequests, subsidies, or grants. Chairmen of each 
of the four committees organized were representatives 
of Engineers Joint Council 


Members Offered Technical Booklets 


AIME has available for free distribution, 200 copies 
of the 15-p. booklet Theoretical Chemical Reactions in 
the Basic Arc Electric Furnace, by H. C. Bigge, super- 
intendent, tool steel dept., Bethlehem Steel Co., Beth- 
lehem, Pa. This booklet, which has been sold for $3, 
contains chapters on oxidizing and reducing reactions, 
sulphur ¢limination during the reducing period, de- 
sulphurization, and reduction tables for some of the 
important oxides encountered in the iron and steel 
industry 

The copies of the booklet were donated to AIME for 
interested members. Address your request to Order 
Dept., AIME, 29 W. 39 St., New York 18 


Annual Meeting Paper Deadline 


Sept. 15, 1951 is the deadline for all Institute ' 
of Metals Division papers for the 1952 New York 
Annual Meeting and the deadline for all Iron and 
Steel Division and Extractive Metallurgy Divi- 
sion papers to be prepublished 


OPEN HEARTH SECTIONS: 


Pittsburgh Section held their annual golf party at 
the South Hills Country Club on June 5, attracting 132 
golfers. The dinner that followed was attended by 250 


per sons 


Western Section announced the following officers for 
the 1951-1952 season: Permanent Chairman, George B. 
McMeans; Executive Chairman, Barney M. Dagan; 
Vice-Chairman, John M. Fahey; and Secretary-Treas- 
urer, S. L. Jackson. 


Chicago Section held their Fourth Annual golf tour- : 
nament on June 13, and of the 220 men attending the 
dinner, 125 played in the tournament 


Southwestern Section will hold its Fall meeting on 
Oct. 10 and 11 in Pueblo and Colorado Springs, Colo. 
Colorado Fuel & Iron will be host for breakfast, lunch- 
eon, and a plant trip in Pueblo on Oct. 10, and for the 
Fellowship Dinner following the formal meeting at 
the Broadmoor Hotel in Colorado Springs on Oct. 11. 
The Western Section has been invited to participate 
in this meeting. Reservations should be made as soon 
as possible to Edward E. Christopher, Secretary- 
Treasurer, Southwestern Section, NOHC, 912 Buder 
Bidg., St. Louis, Mo 
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AIME Plans 
Underway 
For Fall Meeting 


O fall meeting of the Institute in years has 
N aroused the interest already shown in that to be 

held in Mexico City in the week beginning Oct. 
29—the 172nd national meeting of the AIME. A sub- 
stantial contingent even of metals and petroleum mem- 
bers seems likely, even though these groups are not 
participating in the technical sessions. 

The Minerals Beneficiation Div. members will be out 
in force, attracted by a program of four technical ses- 
sions plus a luncheon and the traditional Scotch break- 
fast, doubtless with Mexican trimmings—such as a few 
dashes of pulque. Some papers will cover Mexican 
practice, and a symposium is being planned for the 
last session on Oct. 31. More program details later. 
All three groups in the Mining, Geology, and Geophysi- 
cal Div. are developing programs. The Mining Sub- 
division will have a session with four or five papers, 
chiefly on practice in Latin American countries and 
also a joint session with the Geology Subdivision in 
which two papers: 1—The organization and policies of 
the Atomic Energy Commission, and 2—The develop- 
ment of its raw materials supply, will be offered by 
Jesse C. Johnson, director of raw materials for AEC, 
and by W. J. Bennett, president and general manager 
of El Dorado Mining & Refining. The geologists will 
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have one session of their own, with two papers: Cor- 
relation of the Sedimentary Section at Cananea with 
the Section in Southern Arizona, by Ruben Velasco and 
Roland B. Mulchay, and Geology and Mineral Deposits 
of Mexico, by T. P. Clendenin, chief geologist for AS&R. 

No details of the Industrial Minerals Div. or the 
Mineral Industry Education Div. programs are avail- 
able yet. 

The social events and the general arrangements for 
the meeting were covered in the July issue of MINING 
ENGINEERING, pp. 620 and 621. A booklet about the 
meeting is being printed in Mexico City and shortly 
will be mailed to all whc write ‘n expressing an in- 
terest in the meeting. Address Mr. William G. Kane, 
San Juan de Letran 9, Room 805, Mexico D.F., Mexico. 
Fill in the coupon below if you are fairly certain of 
going 

For those who plan to drive to Mexico City from 
Laredo, a geological road log is available, prepared 
for the field trip of the South Texas Section of the 
AAPG which went to Mexico City in October 1948. 
Copies will be supplied on request to the Secretary, 
AIME, 29 W. 39th St.. New York 18, N. Y., and will be 
mailed about Sept. 1 to those who ask for them. 

From El Paso, motorists may take the Central High- 


The Palace of Fine Arts, below, can be seen in the center 
of the aerial view of Mexico City, left. 
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At Xochimilco, a suburb of Mexico City, natives and tourists 
drift through the Chinampas, or Floating Gardens. 


way, through Chihuahua (227 miles), Ciudad Camargo 
(332 mi.), Hidalgo del Parral (423 mi.), Durango (680 
mi.), Fresnillo (828 mi.), Zacatecas (866 mi.), Aguas- 
calientes (947 mi.), Leon (1021 mi.), [short side trip to 
Guanajuato if desired, Queretaro (1132 mi.),] Toluca 
(1247 mi.), to Mexico City (1287 mi.). This is all 
hard-surfaced highway, and most of it through desert 
country. It is longer and not as scenic as the road 
from Laredo, but can be traveled at higher speed 

From Laredo one drives to Monterrey (145 mi.), 
Ciudad Victoria (320 mi.), Tamazunchale (527 mi.), 
to Mexico City (750 mi.) 

American Airlines issues an interesting little book- 
let, “In Mexico It’s the Custom, Senor!”, which any 


visitor, whether going by air or not, will find in- 
formative Write American Airlines Inc., 100 Park 
Ave., New York 17, or American Airlines de Mexico, 
S. A., Avenida Ejido No. 7, Mexico, D.F. Special round- 


trip excursion fares are available and your family can 
with you for half-fare if you travel on Monday, 
Tuesday, or Wednesday. Tell) American when and 
where you want to go and they will tell you the cost 

Special railroad cars may be provided if there is 
sufficient demand. A special train is not suggested, for 
usually inferior equipment is used, whereas modern 
equipment is available on some of the regular trains, 
particularly on the Missouri Pacific's streamliner from 
St. Louis 


come 


Mr. William G. Kane 

San Juan de Letran 9, Room 805 

Mexico, 1, D.F. 

Please make the following reservations for me for 
the October meeting 

Single Room Double Room with twin 
double beds, at about $ per day 
(Single, $3.50 to $8; double, $4.50 to $8.50.) There 


will be men and ladies in my party. 
Expected date of arrival ; departure 
Coming via motor ; air ; rail 

Name 


Title and Company 


Street 


City, Zone, State 


Me’ 
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ASCE to Mark 100th Anniversary 
With 1952 Centennial of Engineering 


In celebration of the 100th anniversary of the Ameri- 
can Society of Civil Engineers, a Centennial of Engi- 
neering will be held from Sept. 3 to 13, 1952. There 
will be 1—An international Convocation of engineers 
in Chicago, 2—An Exposition centering around the 
Museum of Science and Industry at Chicago, and 3— 
Carefully prepared literature, moving pictures, radio 
and television productions. The Convocation should 
prove to be the greatest gathering of engineers of all 
time. Many American and foreign engineering societies, 
including AIME, and international organizations will 
participate. The greatest single event will be an inter- 
national banquet meeting on Sept. 10, 1952 

The Exposition will follow the general pattern of 
permanent exhibits of the Museum of Science and In- 
dustry and will not be the general trade show where 
manufacturers and equipment dealers display their 
products. The exhibits will be dynamic in character 
and designed to impress upon the mind the basic prin- 
ciples of science and engineering. The Centennial is 
planning to install appropriate exhibits in the various 
major fields of engineering, and will be open to the 
public in July 1952. In addition, a dramatic pageant 
built around the accomplishments of engineering will 
be presented daily during July, August, and September 
in the 1000-seat auditorium at the Museum. The aim 
is to awaken the public, particularly young people, to 
the fundamental reasons why the United States has 
reached its preeminent position among the nations of 
the world and to the significant role engineering has 
played in bringing the country to that position. 

Engineering societies participating will hold meet- 
ings during the Centennial, and where engineering 
activities of several societies permit, joint meetings 
may be held. While there will be a great percentage 
of papers of a high technical nature on the programs 
of the societies, it is expected that a substantial num- 
ber of sessions will be of sufficiently broad interest to 
attract both engineers and the general public 

To furnish general direction for the $1,000,000 pro- 
gram and to be specifically responsible for all phases 
of the Exposition and the production of technical and 
non-technical literature, Centennial of Engineering, 
1952, Inc., a non-profit corporation, has been formed 
Each society participating in the Convocation will 
meet the expenses that normally would accrue to its 
meeting. Formal requests have been made for a post- 
age stamp to commemorate the Centennial of ASCE 
in 1952 


Oxygen Symposium Papers Requested 


The Physical Chemistry of Steelmaking Committee 
announced that an Oxygen Symposium will be held 
at the AIME meeting in February 1952. Research groups 
or persons interested in contributing research papers 
to the symposium are requested to write Prof. N. J. 
Grant, Massachusetts Institute of Technology, Cam- 
bridge, who is chairman of this symposium. 


Journal Articles To Be Microfilmed 


A contract has been renewed with University Micro- 
films, Ann Arbor, Mich. for microfilming complete an- 
nual volumes of the three AIME monthly journals, in- 
cluding the Transactions sections. Microfilms of the 
1950 volumes are now available from University Micro- 
films to those who receive the journals. The AIME re- 
ceives a royalty of 10 pct of the sales price. The micro- 
film record is valuable to libraries and others who wish 
to have a complete record stored in a minimum of 
space 


¢ 


DIAPHRAGM 


MEMBRANE 


More naturally than ever, your voice comes to 
the ear that listens through the latest telephone 
receiver developed at Bell Telephone Labora- 
tories. The reason: a new kind of diaphragm, 
a stiff but light plastic. Driven from its edge 
by a magnetic-metal ring. the diaphragm moves 


like a piston, producing sound over all of its 


area. Effective as are earlier diaphragms of 
magnetic-alloy sheet, the new one is better, 


gives more of the higher tones which add that 
personal touch to your voice. 

To work the new receiver, telephone lines 
need deliver only one-third as much power. So 
finer wires can do the job. This is another new 
and important example of the way scientists 
at Bell Telephone Laboratories work to keep 
down the cost of telephone service, while the 
quality goes up. 


BELL TELEPHONE LABORATORIES 


WORKING CONTINUALLY TO KEEP YOUR TELEPHONE SERVICE ONE OF TODAY'S GREATEST VALUES 


~ 
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MOLYBDENUM 


an alternative to Tungsten, Nickel, 


The Molybdenum Corporation has been a 
pioneer in the improvement and a leader in 


the production of Boron alloys. A most eco- AMERICAN Production, American Distribution, American 
nomical and practical form in which Boron Control, Completely Integrated 

Offices: Pittsburgh, New York, Chicago, Cleveland, Detroit, 
can be introduced is a Ferro-Boron (U. S. 
patents 2,283,299 and 2,509,281) dev eloped Sales Representatives: American Steel and Supply Co., Chicago; 
. Edgar L. Fink, Detroit; Brumley-Donaldson Co., Los Angeles, 
by MCA through long research. The com- 
pany gladly offers its technical and practical Subsidiaries: Cleveland-Tungsten, Inc., Cleveland, O.; General 

Tungsten Manufacturing Co., Inc., Union City, N.J. 

Works: Washington, Pa.; York, Pa. 


Tungsten, or Boron. Full data on request. Mines: Questa, New Mexico; Urad, Colorado. 


experience to aid any user of Molybdenum, 
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JAMES MAIR 


James Mair, vice-president of Goslin-Birmingham Mfg. 
Co., Inec., Birmingham was awarded the degree of 
chemical engineer by the University of Alabama. Mr. 
Mair was awarded the degree in recognition of out- 
standing contributions in the field of evaporator de- 
sign 

G. O. Loach has been elected director of Electro Metal- 
lurgical Co. of Canada, Ltd., Welland, Ont. He was 
also appointed vice-president of the company. 


Carl F. Dietz, president of Lamson Corp., Syracuse, 
N. Y. was awarded the honorary degree of Doctor of 
Engineering by the Stevens Institute of Technology, 
Hoboken, N. J. 


Don Bridges is now employed by the Battelle Memorial 
Institute, Columbus. 


John V. Hitt is now chief metallurgist and chemist for 
the U. S. Steel Co., flourspar div., Mexico, Ky. 


H. A. Schwartz has been awarded the 1951 Charles H. 
McCrea medal by National Malleable & Steel Castings 
Co., Cleveland. Mr. Schwartz was named by the Mal- 
leable Founders’ Society for his outstanding contribu- 
tion toward progress and development in the malleable 
iron industry 


Robert J. Morris has joined General Motors Corp., 


Allison div., Indianapolis, as metallurgical engineer in 
the laboratory in the jet engine plant. 


J. D. Cooper is presently employed as a graduate metal- 
lurgist by Phillips Electrical Works, Ltd., Brockville, 
Ont 


Gerard H. Boss, formerly with the Oak Ridge National 
Laboratory, metallurgy div., Oak Ridge, has joined the 
North American Aviation Corp., Aero Physics div., 
Downey, Calif 


Clarence Zener has been appointed an associate direc- 
tor of the Westinghouse Research Laboratories, Pitts- 
burgh. He will also serve as acting manager of the 
solid state physics and magnetics dept. of the research 
laboratories 


Dexter C. Hatch is with National Lead Co., titanium 
div., Tahawus, N. Y. 


Jose A. Bacigalupo has become chief of industrial dept., 
Solid Fuels Administration, Florida, Buenos Aires. 


G. 0. LOACH 


CARL F. DIETZ 


R. T. Whitzel, general superintendent, Aluminum Co. 
of America, has been transferred from the Massena, 
N. Y. office to Pittsburgh 


Alfred F. Weinberg has been awarded a one-year 
scholarship at Illinois Institute of Technology by the 
WAAIME 


Julius M. Simmons has become associated with the 
Argonne National Laboratory, Chicago. He was for- 
merly with the Joslyn Mfg. & Supply Co., Fort Wayne, 
Ind. 


Alfred A. P. Strasser has resigned from the M. W. 
Kellog Co., special project dept., Jersey City, N. J., and 
is now employed as a metallurgist with Wright Patter- 
son Air Force Base, technical analysis div., Dayton, 
Ohio. 


Emanuel Silkiss has joined the Wright Aerorautical 
Corp., Wood-Ridge, N. J., as metallurgical engineer. 


Warren M. Parris is now a research engineer with 
Battelle Memorial Institute, Columbus. 


Heath Steele, vice-president, American Metal Co., re- 
cently returned from an inspection tour of the potash 
properties in New Mexico of the Southwest Potash 
Corp., a subsidiary of American Metal. The firm is be- 
ing equipped for production which is estimated to 
begin during the latter half of 1952 


Dana W. Smith has been named associate director of 
the div. of metallurgical research for Kaiser Alumi- 
num & Chemical Corp., Spokane, Wash. 


I. M. LeBaron has been appointed director of research 
laboratories, International Minerals & Chemical Corp., 
Chicago. 


John C. Warner, president of Carnegie Institute of 
Technology, was presented an honorary degree of 
Doctor of Science by Northeastern University, Boston. 
Walter R. Hibbard, Jr. is research associate with Gen- 
eral Electric Co., Schenectady, N. Y. Mr. Hibbard was 
the recipient of the R. W. Raymond Memorial Award 
for 1950 

John Clifford Mitchell has joined the American Smelt- 
ing & Refining Co., Leadville, Colo. 


Tryggve Angel is now a metallurgical research assist- 
ant with the Sandvik Steel Works, Sandviken, Sweden. 


AUGUST 195!, JOURNAL OF METALS—683 


q 
‘ 
is 
‘ 
2 
a 
| 
; 
: 


NOW .- the book you've been waiting for... 


BASIC OPEN HEARTH STEELMAKING 


A Completely Revised Edition 


Prepared by the Physical Chemistry of Steelmaking Committee, AIME 
Sponsored by the Seeley W. Mudd Memorial Fund 


Now in 22 chapters, the 


best in open hearth practice and 


principles, written and edited by a 


committee of the foremost steel plant 


operating and metallurgical author- 


ities. Each chapter considers a specific 


factor or operation in steel production, 


and describes methods, practices, and 


the latest metallurgical know ledge on 


Basic Open Hearth Furnaces 

Survey of Operations 

Open Hearth Refractories 

Fuels, Combustion, Instrumentation 
Raw Materials 

Slag Control 


Charging and Meiting 
Refining 

Finishing and Deoxidizing 
Molds and Pouring 


Chemistry of High Temperature 
Reactions 


Kinetics of Metallurgical Processes 


Chemistry of Liquid Steel 
Chemistry of Slag-Metal Reactions 


Chemistry of Open Hearth Refractories 


Thermal Changes in Melting and 
Kefining 


Gas Flow and Heat Transfer 


the subject. 


Combustion and Utilization of Fuel 
Nonmetallic Inclusions 


1951 960 Pages $8.00 


Properties of Steel Rates of Open Hearth Reactions 


| Ingot Structure, Segregation 


Brand New 
Solidification of Metals and Alloys .. . 


A Symposium by the AIME:s Institute of Metals Division 


NEW—A_ publication on the subject of 
major significance to metallirgists, by four 
of the 
Three papers cover ferrous and nonferrous 


Nucleation of Solids, 


nation’s outstanding authorities. 


Growth of Metal Crystals, 


metals solidification and discuss many of Solidification of Steel Ingots 


the phenomena of metal freezing. 


Preface, 


195! ° 75 Pages ° $3.00 


OTHER METALS BRANCH BOOKS 


T Vols. 185 (49), 188 7.00 

AIME 29 W. 39th St, New York 18, N.Y 
75 Years of Progress in Iron and Steel, 1948 $1.50 

° 1949 $5.00 Please send me the books listed below. Enclosed is Check ; Money Order 
Bergwerk und Probierbuchiein, for $ AIME members may be billed 
Stress Corrosion Cracking of Metals, 1944 $5.00 @ AIME Members, 30% Discount on All Books 
Nonferrous Melting Practice, 1946 $3.00 
Brief History of Science of Metals, 1948 $1.50 ! 3 
Nonferrous Rolling Practice, 1948 $4.00 2 4 
Rod and Wire Production Practice, 1949 $3.00 
Name 

Proceedings 

Electric Furnace Steel, 1945-1949 $10.00 Address 

Blast Furnace, Coke Oven and Raw 

Materials, 1946-1950 $10.00 City and Zone State 
Nonmember Foreign Orders, Add 5c for Mailing. 
Open Hearth, 1944-1948, 1950 $10.00 
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Obituaries 


Harry Hatch Burhans (Member 1937) has died. Mr. 
Burhans was born at Superior, Wis. in 1884 and at- 
tended Michigan College of Mines, Houghton, Mich., 
graduating in 1906 with the degree of E.M. Following 
graduation, several years were spent working in 
Mexico and Arizona. During World War I he was a 
First Lieutenant. In 1919 he joined the Yukon Mining 
Co., Yukon Territory as superintendent. He went to 
Colombia as mill superintendent for the Bar-Principal 
Mining Co. Mr. Burhans returned to New York in 1921 
and was employed by the Dorr Co. Later he became 
associated with the Consolidated Mining Co., as operat- 
ing engineer. In 1937 Mr. Smith was manager, Vara- 
guas Mines Ltd., Panama. He remained here for a 
short time and then joined R. T. Vanderbilt & Co., 
New York as field engineer. At the time of his death 
he was residing in Los Angeles. 


Frederick Fraley Sharpless (Member 1889), a former 
Secretary of AIME, died on Apr. 11. Mr. Sharpless, 
born in West Chester, Pa. in 1866, attended the state 
normal school in that town, completing his education 
at the University of Michigan. He graduated in 1888 
with the degree of B.S. in chemistry. Following grad- 
uation he was an instructor in metallurgical chemistry, 
assaying and ore dressing at the Michigan School of 
Mines, Houghton. In 1893 he opened a chemical labora- 
tory in Minneapolis and examined and reported on iron 
mines and precious metal mines in the Northwest. Dur- 
ing this time he was a professor in metallurgical chem- 
istry at the University of Minnesota. In 1899 he was 
general manager of the mine and smelter of the Cali- 
fornia Copper Co. He later became a consulting engi- 
neer for the Consolidated Mines Selection Co. Ltd. of 
London. While associated with this firm he traveled 
through North America, Mexico, Central and South 
America, West Africa, and Turkey. From 1912 to 1921 


he maintained a consulting office in New York. Mr. 
Sharpless became Secretary of AIME in 1921. He re- 
turned to his practice in 1925 and retired in 1938. 


Raymond Edgar Tower (Member 1945) has died. Born 
in Missoula, Mont. on Feb. 24, 1889, he attended Mon- 
tana School of Mines at Butte. He was manager, Tower 
& Templeman Leasing Co. from 1915 to 1919. During 
this same time he was superintendent, St. Louis Min- 
ing & Milling Co., Marysville, Mont. He joined the 
Silver Fissure Mining Co. in 1919 and in 1925 went to 
Kamloops, B. C. as mill superintendent for the Iron 
Mask Mining Co. For several years Mr. Tower did gen- 
eral consulting work in Mexico. He built a number of 
flotation and cyanide plants throughout the West and 
Mexico. He became manager for the Gold Coin Mining 
Co., Pittsburgh in 1931 and in 1941 was engaged in 
private practice and operation of the Hidden Lake, 
Mont. mine. During World War II he served as chief 
chemist for the metals reserve plant at Columbus, Mont. 
At the time of his death he was vice-president and 
manager of the Sarita Milling Co., Salt Lake City. 


NECROLOGY 
Date of 
Death 


May 28, 1951 
May 26, 1951 
June 15, 1951 
Feb. 11, 1951 
June 8, 1951 
June 10, 1951 
Mar. 27, 1951 
June 10, 1951 


Date 
Elected 


1899 George H. Ashley 
1936 Cecil E. Bales 

1936 Walter M. Charman 
1904 Herbert B. Cox 

1917 George C. Crossley 
1883 F. Lynwood Garrison 
1944 Kenneth V. Haig 
1900 Walter Hovey Hill 


Name 


1921 Oscar Mamet Unknown 
1947 William R. Maurer Mar. 1, 1951 
1928 Howard Palmer Unknown 
1928 Eugene P. Shove Unknown 
1928 William R. Tonkin Unknown 


p roposed for 
Metals Branch AIME 


Total AIME membership on June 30, 1951, was 17,282; in addition 
2.498 Student Associates were enrolled 


ADMISSIONS COMMITTEE 


Thomas G. Moore, Chairman; Carroll A. Garner, Vice-Chairman; 
George B. Corless, F. W. Hanson, Albert J. Phillips, Lloyd C. Gib- 
son, R. D. Mollison, John T. Sherman. Alternates: A. C. Brinker, 
H. W. Hitzrot, Plato Malozemoff, Ivan Given, T. D. Jones, and W. 
H. Farrand. 

Institute members are urged to review this list as soon as the 
issue is received and immediately to wire the Secretary's office 
night message collect, if objection is offered to the admission of 
any applicant. Details of the objection should follow by mail. The 
Institute desires to extend its privileges to every person to whom 
it can be of service but does not desire to admit persons unless 

» t qualified. Objections must be received before the 30th of 

on Metals and Mining Branches 

In the following list C/S means change of status; R, reinstate- 
ment; M, Member; J, Junior Member; Associate Member; S, 
Student Associate 


Arizona 
Naco—MacDonald, Fred H. (M) 


California 

Van Nuys—Johnson, Horace A. ‘J} (R. C’'S—S-J' 
Connecticut 
Milford —Seeley 
Idaho 
Kellogg—Ingvoldstad, Donald F. (M) C 
West Preston—Bridges, Donald W. 


Harold O. (M) 


Illinois 
Coal City--Veale, Jack Heagy (M) 
Chicago—Lubker, Robert A. (M) 


Abbott, Mark L. (A) 
Over, Ray E. (M) 


Evanston 
Oak Part 


Indiana 
Gary—Kroner, Albert M. (M) (R.C S-—J-M) 
Munster—Kraay, Lawrence E. (M) 


Maryland 


Baltimore—Hoke, John H. (J C’/S--S-J) 


Massachusetts 

Wilbraham—Rothery, Paul R., Jr. (J) (C S—S-J) 

Michigan 

Dearborn—MacNaughton, Fred P. (M) 

Minnesota 

Minneapolis—Ferman, John W. (J) (C/S—S-J) Koppi, William 


St. Paul—Joseph, Thorsas L. (J). Rink, John R. J) 


Missouri 
St. Louis—Deutch, Morton (J) (R. C S-—S-J) 


New Hampshire 
Portsmouth—Levingston, Howard L. (C’S-—S-J) 


New Jerse 
Dunellen—Couch, George R. 
East Orange—Bennett, Winslow W. 


Elizabeth—Binns, Frank E. iJ) C/S--S-J! 
North Plainfield—Axelson, John W. ‘(C S—A-M) 
Westfield—Freeman, Jr., William R. (C S-—-S-J) 


New York 

Chappaqua—Biggs, Thomas K. ‘(C S--S-J) 

New York—Chandler, Henry T. (M}. Golding, Donald K. (J) (R 
c/S—S-J) 
Rego Park—Storchheim, Samuel (J) 
Ohie 

Middletown—Sant, Robert Thomas 
Parma—Yaker, Charles (J) 


Oklahoma 
Ponca City—Leterle, Jene F. (J) 


Oregon 
Portland—Waters, Thomas J. (M) 


Pennsylvania 
Annville—Shroyer, David K. (M) 
Butler—Lutz, Richard N. (J} (C/S—S-J) 
Midiand—Brown, John Carlyle (M) 

Monaca— Taylor, Donald J. 
Philadeiphia—Davidson, Nathan (J) S—S-J) 
Pittsburgh—Beckman, Samuel J. (J) (R. C S—S-J 
liam A. (A) 

Utah 

Salt Lake City—Johnson, Raymond A 


Turner, Wil- 


(J) (R.C/S—S-J) 


Wisconsin 
Platteville—Carthew, Douglas J. (J) (C ’‘S—S-J) 


Mexico 
Coahuila—Foster, M. K. (M} 
Sonora—Hay, Harold L. (A) 
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€ eee OFFERS A 
COMPLETE LINE OF 
- EQUIPMENT FOR THE 


Metallurgical Laboratory 


Buehler specimen preparation equip- 
ment is designed especially for the metallurgist, and 
is built with a high degree of precision and accuracy 
for the fast production of the finest quality of metal- 
lurgical specimens. 

1. No. 1315 Press for the rapid moulding of specimen 
mounts, either bakelite or transparent plastic. Heating ele- 
ment can be raised and cooling blocks swung into position 
without releasing pressure on the mold. 

2. No. 1211 Wet power grinder with 3/4” hp. ball bearing 
motor totally enclosed. Has two 12” wheels mounted on 
metal plates for coarse and medium grinding. 


| 3. No. 1000 Cut-off machine is a heavy duty cutter for stock 
i up to 3-1/2". Powered with a 3 hp. totally enclosed motor 
with cut-off wheel, 12” x 3/32” x 1-1/4". 


4. 1505-2AB Low Speed Polisher complete with 8” balanced 
bronze polishing disc. Mounted to 1/4 hp. ball bearing, two 
speed motor, with right angle gear réduction for 161 and 246 
R.P.M. spindle speeds. 


5. No. 1700 New Buehler Waisman Electro Polisher pro- 
duces scratch-free specimens in a fraction of the time usually 
required for polishing. Speed with dependable results is ob- 
tained with both ferrous and non-ferrous samples. Simple to 
operate—does not require an expert technician to produce 
good specimens. 

6. No. 1410 Hand Grinder conveniently arranged for two 
stage grinding with medium and fine emery paper on twin 
grinding surfaces. A reserve supply of 150 ft. of abrasive 
paper is contained in rolls and can be quickly drawn into 
position for use. 


7. No. 1400 Emery paper disc grinder. Four grades of abra.- 
sive paper are provided for grinding on the four sides of 
discs, 8” in diameter. Motor 1/3 hp. with two speeds, 575 and 
1150 R.P.M. 


8. No. 1015 Cut-off machine for table mounting with sepa- 
fate unit recirculating cooling system No. 1016. Motor | hp. 
with capacity for cutting 1” stock. 


A 
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METALLURGICAL APPARATUS 


| LINE OF SPECIMEN PREPARATION EQUIPMENT 
CUT-OFF MACHINES @ SPECIMEN 

MOU NT “PRESSES @ POWER GRINDERS @ EMERY 
PAPER GRINDERS @ HAND GRINDERS e BELT 
SURFACERS @ MECHANICAL AND ELECTRO POLISH- 
ERS @ POLISHING CLOTHS @ POLISHING ABRASIVES 
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| Advertisement 


A Digest of the Production, Properties, and Uses of Steels and Other Metals 


Published by Electro Metallurgical Company. a Division of Union Carbide and Carbon Corporation, 30 East 
42nd Street, New York 17, N. Y.+In Canada: Electro Metallurgical Company of Canada, Limited, Welland, Ontario 


How SILICOMANGANESE Saves Furnace 
Time . .. Produces Better, Cleaner Steel 


amount of oxygen in equilibrium with a 
given of 
silicon-manganese alloys than it is in plain 


tion alloy silicomanganese than 1,210 Ib. of 
these separate silicon and manganese alloys. 


Lower Carbon Content 


Silicomanganese contains less carbon 
than any combination of ferrosilicon and 
standard ferromanganese. Therefore, the 
carbon-oxygen reaction in the bath can be 
stopped earlier when silicomanganese is 
used for blocking. Heats can be blocked at 
higher carbon levels and hence lower oxy- 
gen contents, and the amount of deoxidation 


required is less. 


Silicomanganese is used by the steel in amount silicon is lower in iron 


dustry ind deoxidizer, 
and als: 


as a furnace block* 
for manganese additions iron-silicon alloys, as shown in Fig. 1. 

The cleanness and quality of steel de 
pend largely on how well it been 
deoxidized. Deoxidation also greatly influ 
ences the physical properties of steel for 


has Less Inclusions, Cleaner Steel 

In addition to lowering the oxygen con 
tent, 
beneficial effect on inclusions 


has a specific ally 


The inclu 


silicomanganese 
rolling and subsequent fabrication. Silico 
manganese ¢ mmbines two active deonidizers 
in a single alloy and it has proved to be 
a more effective deoxidizer than silicon or 
manganese allovs added separately. This 
combination alloy contains silicon and man 
ganese in the correct proportion (approxi 
mately 1 to 3.5) to be most effective in 
reducing the oxygen content of the bath to 
a low level. The use of silicomanganese 
produces cleaner steel, saves furnace time, 


sions in a steel depend in large part on how 
the carbon content (or how high the 
oxygen content) is before blocking. The 
lower the carbon, the dirtier the final steel, 


low 


almost regardless of the subsequent deoxida 
tion treatment. Since silicomanganese has a 


low carbon content, itis not necessary to 
drive the carbon as low (or make the oxygen 
as high), as when high-carbon or standard ) 


ing g 
ferromanganese is used, so that the final ay ee 
nese into an open hearth furnac €. 


and gives high alloy recovery for manganese 
additions. 


Gets More Oxygen Out of Bath 

When silicomanganese is used for block 
ing and deoxidation, the combined effect 
of silicon and manganese lowers the oxy 


steel is cleaner and has better working prop 
erties. The improved cleanliness resulting 
from silicomanganese is usually noticeable 
in higher carbon steels, but is outstanding 
in steels below 0.25 per cent carbon where 
inclusions and surface defects are a vital 
problem and where the time saved by block 


Saves Furnace Time 
Because of the advantages otlined, 
silicon anganese can save as much as 20 
minutes per melt in the production of open- 
hearth steel. For low-carbon steel, an even 
greater saving in time can be realized. 


gen content to a greater degree than silicon 
alone. This is due to the fact that the 


ing at a higher carbon level is significant. 
For Producing Engineering Steels 
Silicomanganese is also used for alloy 


Fast Solubility In Bath 


Because of the high concentration of 
active elements in silicomanganese, less 
time is required to effect solution of this 
illoy than when equivalent amounts of sili 
con and manganese are used separately in 
the form of ferrosilicon and ferromanganese 

For example, compare these typical anal 


additions of manganese, particularly in the 
production of engineering steels containing 
0.10 to 0.50 per cent carbon. 

When manganese or other oxidizable ad- 
ditions, such as chromium, must be made 
to the bath, the use of a block provides a 
higher alloy recovery. Silicomanganese in- 
troduces manganese with the silicon and 
the usual recovery of this manganese will 
range from 70 to 85 per cent. 


ONLY 
4 


vses of silicomanganese, standard ferroman 
F4 ganese, and 50 per cent ferrosilicon 


SILICON + OS% MANGANESE Standard 
Ferromon- 


gonese, 
80 


Metallurgical Service Available 

Ask to have one of our metallurgists call 
and explain more fully the advantages of 
silicomanganese as a furnace block and de- 
oxidizer. He willbe glad to help you with the 
use of ELecrromer silicomanganese. This 
alloy contains 65 to 68 per cent manganese 
and is produced in maximum 1.50, 2.00, 
and 3.00 per cent carbon grades. All grades 
are Saohbead in a lump size of 75 Ib. x 2 
in. and in a crushed size of 2 in. x down. 
Write, wire, or phone the nearest ELectro- 
MET ofhce. 


Silicomon- 
00 ganese, 

Silicon content of metal, per cent Silicon 19 
Carbon 15 7 


Iron, approx. 13 13 


Oxygen content of metal, per cent 


8 


Fig. 1. Limit of solubility of oxygen 
in iron-silicon alloys, plain and with 


0.50 per cent manganese at 1600°C. From this it can be scen thet 1,000 Ib 


of silicomanganese would contain 190 Ib. 
of silicon and 665 Ib. of manganese. These 
amounts of silicon and manganese would 
require 380 Ib. of 50 per cent ferrosilicon 


*The initial deoxidation of steel, frequently re- 
ferred to furnace block, 
oxygen reaction in the 
carbon drop immediately and makes it possible 
to secure control of analysis. If the oxygen 
content of the metal is reduced well below the 
level established by the carbon-oxygen reaction, 
initial deoxidation is accomplished. 


stops the carbon- 


This 


as the 


furnace arrests the 


close 


and 830 Ib. of standard ferromanganese, or 
a total of 1,210 Ib. Obviously it is easier and 


. ’ The weed “Electromet” is a registered trade- 
faster to dissolve 1,000 Ib. of the combina- 


mark of Union Carbide and Carbon Corporation 
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A BIG HIT 
EVERYWHERE 


IT [S$ SHOWN 


... the Outstanding New 


DESK-TYPE 
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... and no wonder, for it introduces to metallographers 
so much that is completely new —new simplicity of opera- 
tion, new convenience, new speed and accuracy. Everyone 
who sees the AO Metallograph takes the time to study it 
thoroughly. operate it, and become convinced that here is a 
radical advancement in the field of metals microscopy. 


SIT DOWN AND STAY SEATED. From start to finish every 
control, every operation, is at your fingertips. 

FOCUS QUICKLY, AUTOMATICALLY, ACCURATELY. Final focus- 
ing for photography is accomplished through the parfocal 
visual system. 

UNBELIEVABLE SPEED AND PRECISION in changing magnifi- 
cation, adjusting lamp, making exposure, taking notes. 
OTHER FEATURES: monocular or binocular bodies, revolv- 
ing objective turret, 2 lamps — visual and photographic, 
perfect are lamp performance with both AC and DC 

current, “autofocus” coarse adjustment stop. 

Every user of metallographic equipment should know this 

AO instrument. For your copy of our descriptive 12 page 

catalog, write Dept. Vv 182. 


American @ Optical 


INSTRUMENT DIVISION « BUFFALO 15, NEW YORK 


‘ 
‘ 
‘ 


SOBxx, 81Bxx and 
94Bxx Steels 


with maximum properties 


Maximum hardenability in very low alloy steels, 
with dependable uniformity of results, is assured by 
the addition of Grainal alloys. 


The use of Grainal alloys promotes maximum 
hardenability with minimum amount of boron. The 
possibility of obtaining undesirable effects resulting 
from over-treatment by boron is avoided by the 
action of other elements of Grainal alloys in 
combining with oxygen and nitrogen and permitting 
full utilization of the low boron content. 


More than a million and a half tons of steels made 
with Grainal have proved the superiority of these 
alloys in producing maximum hardenability. 
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*Two good words to aptly describe the operation of a Salem 
fl ibl * Rotary Hearth Heating Furnace at work in your plant. 
exl e Whether your hot-metal operations include piercing, forg- 
ing, or rolling ferrous or non-ferrous metals, your automati- 
accurate* cally controlled Salem Rotary will flexibly and. accurate ‘ly 
ad: ipt itself to large v variations in heating and tonnage rates 
—thus maintaining economy despite downtime for change- 
over in your metal forming operations. Moreover, youll re- 
duce scale loss, simplify handling, and save money on labor 
and maintenance. For greater yield at lower cost, you should 
be using a Salem Rotary. W rite to us. 


Salem, Ohio 


Adiiliates: Brosius Division, Pittsburgh 15, Pa. 
Salem Go., itd, Milford or. Derby, England: Salem Engineering (Canada) Ltd., Toronto, Canada 


Salem Rotaty Hearth Heating Furnace 
: 
T T 
3 ENGIN x 
— Salem - B: » Inc, 
wee 


